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Heats of Hydration and Pozzolan Content 
of Portland-Pozzolan Cements 


Edwin S. Newman and Lansing S. Wells 


Methods are deseribed for the measurement of the approximate heat of solution in acid 


of portland -cement—pozzolan mixtures. 
hydration of portland-pozzolan cements. 


Examples are given of the estimation of the heat of 
Determinations of the amount of material undis- 


solved in the calorimeter, as well as the heats of solution, were applied to the problem of de- 


termining the composition of mixtures of portland cement and pozzolan. 


Data are presented 


for the calculation of the heat capacity of the vacuum-filask calorimeter with amounts of 
hydrofluoric acid other than the 8-milliliter quantity used in measuring the heat of hydration 


of portland cement by the standard method. 


1. Introduction 


In recent years pozzolans have been widely used 
vith portland cement because of their favorable 
effects on many of the properties of concrete. Many 
methods of test of cement or of concrete are not 
affected by the presence of the ——- which con- 
tains a large pereentage of silica. The measure- 
ment of the heat of hardening [1, 2] ' of a portland- 
pozzolan cement by the heat-of-solution procedure 
however, is less reliable than the measurement for 
ordinary portland cement because of the presence of 
material not readily soluble in acid. The heat-of- 
solution method depends on the measurement of the 
heats of solution in acid of a sample of dry cement 
and of a corresponding sample of hardened paste. 
The difference between the two heats of solution is 
the heat of hardening of the cement paste. A mix- 
ture of nitric and hydrofluoric acids, in which nearly 
all portland cements will dissolve rapidly and com- 
pletely, is used, Considerable — of many 
nozzolans, however, are not readily soluble, and for 
even approximately complete solution far more time 
would be required than is desirable in the usual pro- 
cedure for portland cement. The Bureau has oc- 
casionally measured the approximate heat of solution 
or hydration of pozzolan cements in a variety of 
investigations seattered over a period of nearly two 
decades. This paper presents the results of tests 
made by aaa devised to reduce the effect of the 
difficultly soluble material. 

In addition to the problem of measuring the heat 
of hydration of portland-pozzolan cements, there also 
exists, perhaps more urgently, the erates of deter- 
mining the pozzolan content of such blends. In the 
course of the calorimetric measurements, it was 
observed that part of each pozzolan was undissolved. 
It was also observed that the heats of solution of the 
cement-pozzolan mixtures, as well as the percentage of 
undissolved material, were related to the pozzolan 
content. So that these data might not be lost, they 
have been included in this paper, and their applica- 
tion to the measurement of the pozzolan content of 
portland-pozzolan cements is discussed. 


—_ __—— 


Figure in brackets indicate literature references at the end of this paper. 
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Two calorimeters were used for this work: (1) an 
isothermal-jacket precision-type calorimeter, and 
(2) the vacuum-flask calorimeter required by the 
ASTM and the Federal Specification Board for the 
routine determination of the heat of hydration of 
portland cement [1, 2]. The isothermal-jacket cal- 
orimeter is equipped with a controlled-temperature 
water bath, a platinum resistance thermometer, and 
electrical and time-measuring instruments for deter- 
mining with high precision the temperature rise and 
the electrical energy of calibration. The vacuum- 
flask calorimeter consists only of a vacuum flask, 
a stirrer driven by a synchronous motor, and a 
Beckmann thermometer. No attempt is made to 
surround it with a constant-temperature environ- 
ment, and it is subject to lags and errors arising from 
changes in the labeneteay temperature. Conse- 
quently, although it is much less expensive and easier 
to operate than the isothermal-jacket calorimeter, 
the vacuum-flask calorimeter is considerably less 
precise. Because of the difference in the operation 
of these instruments and in the application of their 
characteristics to the problem, they will be discussed 
separately. 


2. The Isothermal-Jacket Calorimeter 


The isothermal-jacket calorimeter described in 
other publications |3, 4] is capable of measuring the 
heat of solution of a 3-g sample of a material 
completely soluble in 35 min with a precision (stand- 
ard deviation of a single observation) of about 0.2 
cal/g. However, the necessary corrections for ther- 
mal leakage, heats of stirring and evaporation, etc., 
inerease progressively with the length of the solution 
period, and it is felt that 90 min is the longest solu- 
tion period that should be used. For longer periods, 
the corrections become such a large portion of the 
measured temperature rise that they are applied 
with less confidence. 

In the determination of a heat of solution, the 
apparatus is assembled, and the stirring motor is 
started and allowed to operate undisturbed until the 
temperature of the calorimeter is found to rise at a 
nearly uniform rate. The sample is introduced, and 
readings of the calorimeter temperature are taken 
until the rate of change has again become uniform. 
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The two periods of constant rate are termed the 
initial and final rating periods, and the intervening 
time is known as the solution period. From observa- 
tions of the temperature of the calorimeter and of 
the isothermal jacket during the rating periods, the 
thermal leakage constant and the heat of stirring and 
evaporation are calculated [5]. The corrections to 
be applied to the observed temperature change 
occuring during the solution period are caiculated 
from these constants and from the calorimeter tem- 
peratures observed during that period. 

If an experiment is performed with a completely 
soluble cement, and if observations are taken for an 
extended period, it will be found that soon after the 
introduction of the sample it is completely dissolved 
and that thereafter the calculated value of the heat 
of solution ceases to increase with longer solution 
periods. After the sample has dissolved completely, 
the calorimeter soon reaches a rate of temperature 
rise controlled by the heat of stirring and the thermal 
leakage to or from the surroundings. Corrections 
for these two factors during the solution period com- 
pensate for their effects, and, as a result, extending 
the solution period materially beyond the point at 
which solution is complete does not have any sys- 
tematic effect upon the value obtained for the heat 
of solution of the sample. In fact, the best available 
criterion of the completion of the solution of the 
sample appears to be the repeated calculation of the 
heat of solution, using arbitrarily chosen solution 
periods of different lengths. In table 1 are listed 
heats of solution calculated in this manner for a 
sample of portland cement. It will be seen that the 
solution of the portland cement was completed in a 
relatively short time, since the calculated heat of 
solution became essentially constant after 30 min. 

If a similar experiment is performed with a poz- 
zolan cement, the caleulated value of the heat of 
solution continues to increase with increasing solu- 


Tasie 1. Jleats of solution of portland and portland-pozzolan 
cements 


The heats of solution of 3-¢ samples (ignited weights) in 10 ml of 48percent HF 
plus sufficient 2.00 N HNO, to make 647.5 ¢ of total acid were measured in a pre- 
cision-type isothermal-jacket calorimeter [4]. Only two heat-of-solution experi 
ments are represented. For each solution period indicated, all prior readings of 
calorimeter temperature are included in the calculations, the subsequent 10-min 
period being taken as the final rating period. 


Calculated heat of solution 


Duration of 
solution 
period Portland 
cement 


Portland- 
pozzolan 
cement 


® Undissolved at end of the experiment, 6.7 percent by weight. 





tion period because the difficultly soluble 

continues slowly to dissolve. This con 
illustrated by the values given in table 1 for 
of solution of a pozzolan cement. The ca 
value was still increasing after a solution per 
min. It is impracticable to determine the to 
of solution of a cement that is still incor 
dissolved after such a long time. 


2.1. Heats of Hydration of Portland-Pozz 
Cements 


When a pozzolan cement is dissolved in the calor. 
meter, the greater part of the heat of solution 
evolved in a relatively short time (see table 
Since the hydrated pozzolan cement behaves sin). 
larly, an approximate value for the heat of hydratio, 
may be obtained without waiting for the complet 
solution of the sample. In table 2 are shown ¢| 
heats of partial solution of several portland-pozzoly 
cements calculated for solution periods of increasiny 
lengths. The values calculated for the hvdrat: 
pastes for similar periods are also shown. All thes 
values are based on the total weight of the samp), 
without regard to the amount of material undis. 
solved. The values in table 2 are (except for the las 
sample) each the average of two determinations, | 
no case did the two values differ by more than 
cal/g, and in most cases the agreement was my 
better. 


Tasie 2. Jleats of partial solution and heats of hydratio 
portland-pozzolan cements 


Heats of solution of 3-¢ samples (ignited weights) were determined in |! 
48-percent HF plus sufficient 2.00 N HNO: to make 647.5 g of total acid j 
cision-type isothermal-jacket calorimeter [4]. Each value is the averag 
determinations differing by not more than 4 cal/g. 


Heats of solution Heats of hydrat 


Solution 


¢3 t 
ement period 


Dry ce- 7-day 28-day 


ment paste paste 7-day 


caljq " calig calg 
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* K sults of | determination only. Values obtaiued at 30, 35, 45, and Sr 
wer calculated from the same determinations as the 25-min values, using tine 
temp>rature data tasen after 25 min. 


In table 3 are given the amounts of material un- 
dissolved at the end of the calorimetric experiments 
of table 2. The finding of more undissolved mate- 


rial remaining from the hydrated pastes than from 
the dry cements was unexpected. The hydration 
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would be expected to render soluble in the 
ture some part of the previously insoluble 
f the pozzolan. Similar behavior has been 
other cases, although some reversals have 
rved. 
le 2 the heats of hydration are shown as the 
es between the heats of partial solution of 
cement and of the hydrated pastes.  Al- 
except for sample 4, the heats of solution 
with increasing solution period, the heats of 
on do not so change. For these heats of hy- 
to be accurate, it to assume 
iy systematic errors are the same in the 
nations of the heats of partial solution of 
y cements, and of the hydrates. Although 
sumption may not be true from the stand- 
if precise calorimetry, the error in the heat of 
on is probably small enough for the satis- 
testing of portland-pozzolan cement and 
e accepted for the present in the absence of a 
satisfactory method of test. 


Is 


necessary 


Tarte 3. Material undissolved in the calorimeter 
ment paste undi 
to make 647.5 g of 


ment or ¢ 
NHNO 
nations 


e (ignited weight) of 
HF plas suffic 2.00 
average of 2 determ 


g samp 
f 10 ml of 


the 


nt 


ue | 


rime in co 
tact with 
wid mixture 


Sample 


Min 
{Dry 43 
7-day past 

2s-dar pasts 
{Dry 

74lay past 

28-day paste 
{Dry 

7-<lay paste 

128 day puste 
[Dry 

7~lay paste 
|28-day paste 
Dry 

7-day past 

|28-day paste 


43 


termination only 


The departure of the heat of partial solution of a 
iortland-pozzolan cement from the value for com- 
plete solution arises from two sources, both caused 
by the difficulty of dissolving the pozzolan. The 
sample does not completely dissolve, and therefore 
the pozzolan does not contribute its entire heat of 
solution. (Portland cement is assumed to dissolve 
completely and usually does so.) The slow dis- 
solving of the pozzolan during the final “rating 
period” continues to liberate heat, and thus slightly 
neorrect values are obtained for the heat of stirring 
and the coefficient of thermal leakage. If the poz- 
zolan dissolves to the same extent and at the same 
rate for both the dry cement and the hydrated pastes, 
the systematic errors in the heats of partial solution 
(disappear when the heat of hydration is calculated. 
Some idea of the possible effect of undissolved ma- 
terial may be obtained by noting that the maximum 
difference in undissolved material for dry cement and 
28~lay hydrated paste in table 2 is 1.0 percent. If 
it is assumed that the heat of partial solution of the 
paste is therefore 1.0 percent, or 4.8 calories, low, 
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(see table 4 


the resulting error in the heat of hydration would be 
5eal/g. It is doubtful if this large an error is caused 
because the heat of solution of undissolved pozzolan 
may be considerably less than the ap- 
520 calg of a hydrated  portland- 


proximately 
cement paste. 


2.2. Heats of Solution and Undissolved Residues of 
Cement-Pozzolan Mixtures 


The heats of partial solution were deteryiined for 
several finely ground pozzolans * and for blends of 
these with finely ground portland-cement clinker. 
The samples were prepared by placing weighed 
amounts of the finely ground components in a lab- 
oratory ball mill with a few wooden balls and mixing 
for 2 hr. After the determinations of the heat of 
partial solution, the calorimeter acid was filtered and 
the residue of insoluble material was ignited, and 
weighed. 

The values of the heat of solution are given in 
table 4 and are plotted in figure 1. The undissolved 
residue in the calorimeter, expressed as the percentage 
by weight of the sample, is given in table 5 and 
plotted in figure 2. It will be seen that a relatively 
constant proportion of the pozzolan remained undis- 
solved at the end of the experiments, although the 
ratios of pozzolan to calorimeter acid differed rather 
widely. The experimental points fall closely about 
1. 


TABLE HTeats of solution of portland-cement-pozzolan 


mirtures 
jution of 3-2 sample ignited weights) were determined in 10-ml 
t HF plus sufficient 2.00 N HNO, to make 647.5 ¢ of total acid in a 
ype isothermal-jacket calorimeter [4]. Time of contact, 30 min 


of 48-percer 


pree 


Tasie 5. Solubility of portland-ce ment-pozzolan mirtures 


in acid 


Undissolved portion of portland-cement-pozzolan mixtures, shown in table 4, 
ifter 30-min contact with a mixture of 10 ml of 48-percent HF plus sufficient 2.00 


V HNO; to make 647.5 ¢ of total acid 


Poszolan Pozzolan 
7 


content 


ot mixture 


B D 


Percent 
0.00 
8. 27 
10. 30 
12. 39 


Percent 
0.00 
6.12 

wD 
9. 21 


Percent 
0 0.00 
» 4.33 
25 4.71 
0 6.28 
33 


Percent 


$ 6.77 


y 
23 


14.56 
0.00 


yy 


100 20. 70 


? Details of the constitution and properties of the pozzolans unfortunately are 
not now obtainable. Sample A, tables 4 and 5 and figures 1 and 2, was a blast- 
furnace slag; B was a burned shale; C and D are identified as Pennsylvania poz- 
zolans; and E as a California pozzolan. Before mixing, the clinker and the poz- 
zolans were ground to finenesses now unknown but comparable to portland 
cement. 
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Heats of solution of portland cement-pozzolan 
mirtures. 
The heats of solution were determined in a 647.5-¢ mixture of 10 ml of 48-percent 
HF and 2.00 N HNO; in a precision-type isothermal-jacket calorimeter. Time 
of contact with acid, 30_min. 
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Solubility of portland cement-pozzolan mixtures. 


Percentage of material undissolved by 30-minute contact of 3-¢ sample with 
647.5-¢ mixtures of 10 ml of 48-percent HF and 2.00 N HNOs. 
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Fieure 2. 


the lines joining the heats of solution of the com- 
ponents of the mixtures and indicate that the 
experimental values of the heat of solution ee 
well with the values calculated from the proportions 
of cement and pozzolan. 





3. The Vacuum-flask Calorimete, 


To determine the heat of partial solutio 
pozzolan cement with the vacuum-flask calo: 
a modification of the standard [1, 2] proced 
portland cement is useful. The environment of th, 
calorimeter is not sufficiently well defined, nov js jy, 
temperature measured with sufficient accuracy, t, 

rmit the use of long solution periods. However 
»y assuming that the temperature of the envirop. 
ment (the room temperature) remains constan |, and 
that the thermal leakage remains at the averagy 
value determined during measurements made with 
portland cement, one of the two rating periods ord). 
narily necessary to calculate the corrected temper- 
ature rise can be eliminated. It is convenient jy 
working with pozzolan cements to omit the fing! 
rating period. Then at some arbitrarily chose, 
time, such as 60 min after the introduction of th» 
sample, the solution period can be considered ended 
and the determination stopped. It must be empha- 
sized that even in the standard procedure [1, 2] the 
room temperature is assumed constant. The equa- 
tion for the corrected temperature rise PR [2, p. 5)) 
becomes by this method 


of a 
leter, 
re for 


R O00 — 9— Vols t K(0,T,—0,T,), 
where 


temperature of the calorimeter at the be 
ginning and end, respectively, of the 
solution period. 
\V.=—the average temperature rise per 5-min 
interval during the initial rating period: 
T,=the number of 5-min intervals in the so- 
lution period, here arbitrarily taken 12, 
6,=the average calorimeter temperature dur- 
ing the initial rating period; 
6,=the average calorimeter temperature dur- 
ing the solution period, (6,7, is the in- 
tegral of the time-temperature curve 
during the solution period) ; and, 
K=the thermal leakage coefficient, 0.0055 
(5-min)~' in the present work. 
These symbols are the same as in the published 
specifications [1, 2]. The corrected temperature 
rise, ?, is multiplied by the heat capacity of the 
calorimeter, and the preduct divided by the ignited 
weight of the sample is the heat of solution. To in- 
crease the precision of the determination of V,,, the 
initial rating period is extended over a 20-min period. 
This procedure is less precise than the normal deter- 
mination of the heat of solution of a portland cement. 
but by its use an approximate value of the heat of 
partial solution of a pozzolan cement can be obtained 
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3.1. Heat of Solution and Pozzolan 
a. Content of Cement-Pozzolan om » 


The work reported in the first part of this paper 
seemed to show linear relations between the heats 
of partial solution of cement-pozzolan mixtures and 
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ntages of pozzolan present. From such a 
the composition of a mixture might be cal- 
rom determinations of the heats of solution 
ixture and its two components. This cal- 
would be useful if the heats of solution of 
components were sufficiently different. To 
method, determinations were made of the 
solution of a series of mixtures of cement 
and zolan. Two unknown mixtures were sup- 
plied oy & cement manufacturer, together with 
sampls of the cement and the pozzolan with which 
they vad been prepared. Known mixtures were 
d at the Bureau and their heats of solution 
ned by means of the vacuum-flask calorimeter 
ats of solution of the cement and of the poz- 
olan were also determined. The normal amount, 
s ml, of hydrofluoric acid was used, and each deter- 
mination was arbitrarily ended 60 min after the 
troduction of the sample. The undissolved mate- 
rial remaining in the po Ne at the end of each 
determination was recovered on a filter, ignited, and 
weighed. The heats of partial solution were cal- 
culated by the procedure already described. 

The data obtained are given in table 6 and shown 
n figure 3. The relation between the percentage 
pozzolan and the heat of partial solution of the mix- 
‘ure is not linear. The equation of a line repre- 


test 


heats 


prepa 
deter 
The | 


senting these data, chosen by the method of least 


squares, Is 
11 =607.8—0.939P—0.00344P", 


where P is the percentage of pozzolan, and // is the 
heat of partial solution of the mixture. From the 
equation and the average values of the heat of solu- 
tion of the unknown samples of 592.5 and 581.3 


Heats of solution of cement-pozzolan 
mixtures in acid 


PaBLe 6, 


The heats of solution were measured in a vacuum-flask calorimeter [1, 2] 
Determinations were ended arbitrarily after 60-min contact between the mixture 
i the acid charge of 8 ml of 48-percent HF and sufficient 2.00 N H NO; to make 
weight of 425g. Thermai leakage of calorimeter was taken as its average 
}-min)~', and the final rating period was omitted. 


Undis- 
solved 
residue 


Heat of 
solution 


Pozzolan 


Sample content 


Percent cal/g Percent 
607.4 0 
07.2 0 
612.4 0 
07.9 

5 
475.0 
478.0 
582. 
587 
it 
M2. 
542. 
537 
510 
57 
592 
592 
56. 
578. 
580 
585.1 
581.4 


x 


Pu4wSwo ee Deno 


* Stated by the manufacturer to contain 10.5 percent 
of pozzolan. 

> Stated by the manufacturer to contain 25.5 percent 
of pozzolan. 
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Figure 3. Heats of solution and undissolved residues of portland 
cement-pozzolan mixtures in the vacuum-flask calorimeter. 
Determinations ended after 60-minute contact between 3-¢ samples and acid 

charges of 8 ml of 48-percent H F and sufficient 2.00 N HNO, to make a total weight 

of charge of 425 ¢. Open circles, heat of solution: closed circles, undissolved 
residue. 


cal/g, respectively, for samples 7 and 8, table 6, the 
amount of pozzolan in the two samples was calcu- 
lated to be 15.2 and 25.8 percent, respectively. The 
precision of these data is such that the estimated 
value of the standard deviation is about + 2.9 cal/g, 
which corresponds to about +3.1 percent of pozzolan 
in the cement-pozzolan mixture. The actual com- 
positions of the two unknown mixtures were sub- 
sequently given by the manufacturer as 10.5 and 
25.5 percent of pozzolan, respectively. 

In view of the good agreement between the ob- 
served and calculated heats of solution of the known 
mixtures of cement and pozzolan, it was rather sur- 
prising to find such a wide difference between the 
value of 10.5 percent of pozzolan given for one mixture 
and the 15.2+3.1 percent determined from the heat 
of solution. For the other unknown sample the 
agreement is excellent between the 25.5 percent given 
and the 25.8+3.1 percent of pozzolan found. 


3.2. Undissolved Residues of Cement-Pozzolan 
Mixtures 


The determination of the undissolved residue ap- 
peared to give a better and simpler method of deter- 
mining the percentage of pozzolan in a cement-pozzo- 
lan mixture. The percentages of undissolved residue 
obtained in the experiments described above are 
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given in table 6 and are shown in figure 3. The equa- 
tion of the line fitted to these data by the method of 
least squares is 


10.108 +-0.1268P +0.000636P2%, 


where P is the percentage pozzolan in the mixture, 
and (’ is the percentage undissolved material. Val- 
ues of the pozzolan content of the two “unknown” 
samples calculated from the above equation were 
11.6+0.8 and 25.9 + 1.0 percent, respectively. These 
values agree better with the given compositions of the 
unknown samples than do the values caleulated from 
the heats of solution. The precision is better also, 
since the standard deviation of the percentage caleu- 
lated from the heat of solution is three times that 
determined from the insoluble material. 

The determination of undissolved material is much 
simpler than the determination of the heat of solution, 
as no calorimeter is needed. Plastic beakers can be 
used for reaction vessels with a stirring machine, such 
as is now commonly used in cement laboratories for 
the analytical determination of MgO with 8-hydroxy- 
quinoline. The practicability of the determination of 
the pozzolan content of a mixture by either method 
depends on the percentage of the pozzolan dissolved 
by the acid in a given time interval. The rate of solu- 
tion will vary with the surface area and with the type 
of pozzolan, and a curve must be determined for each 
variety of pozzolan and of cement. If solution is com- 
pte, the insoluble-material method cannot be used, 
yut the heat-of-solution method will be improved in 
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Fieure 4. Heat-capacity correction for vacuum-flask calorimeter 


Correction to be added to value obtained by the standard method with ZnO, 
using 8 ml of 48-percent HF and sufficient 2.00 N HNO, to make 425 ¢ of acid. 
For use only with 425¢ of total acid consisting of 2.00 N HNOs and indicated 
amount of hydrofluoric acid. The equation of the line is C=1.02—0.127 M, 
where C is the correction to be added, and M is the number of milliliters of 48- 
percent HF in the 425-¢ acid charge 


| accuracy because of the improvement in the : 
| of the calorimetric determination. 


3.3. Heat-Capacity Corrections 


For some pozzolans it may be desirabk 

more than 8 ml of hydrofluoric acid in the ca|yp). 
meter in order to expedite the dissolving of (\, 
sample. Such a change will alter the heat cs pac, 
of the calorimeter. Normally, the heat capacity \ 
determined by dissolving a standard substance, ziy, 
oxide, in the 425-g¢ charge of 2.00 N HNO, containine 
8 ml of 48-perecent HF. For this purpose the he, 
of solution of zine oxide in such a mixture has bee, 
carefully determined, and the value has been pub- 
lished in the specifications. However, data are no; 
available for other mixtures of nitric and = hydro- 
fluoric acid so that the heat capacity of the calori- 
meter containing other amounts of HF cannot |y 
determined by the specification method. The hea: 
capacity can be calculated, however, from the chang, 
in the heat capacity of the liquid contents of ()y 
calorimeter, since the heat capacity of the glass 
plastic, and metal parts are not affected by a chang 
in the concentration of hydrofluoric acid. From 
heat-capacity data obtained with the precision 
calorimeter, the correction to be made to the heat 
capacity determined with the solution containing § 
ml of HF was calculated over a range of concentra- 
tion of HF from 0 to 0.47 ml of 48-percent HF 
solution per gram of total acid (HF + 2.00 N HNO 

The maximum concentration corresponds to the use 
of 200 ml of HF in the 425-g calorimeter charge 
The correction to be applied can be estimated from 
figure 4 and may be calculated from the equation 
(’=1.02—0.127 M, where C is the correction in 
calories per degree Celsius (centigrade) and M is the 
milliliters of 48-percent HF in 425 g of total acid. 


The authors acknowledge their indebtedness to 
J. Arthur Swenson, formerly of the National Bureau 
of Standards, who determined the heats of solution 
of the cement-pozzolan mixtures with the precision 
calorimeter. 
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Infrared Properties of Cesium Bromide Prisms 


Earle K. Plyler and Nicolo Acquista 


A prism of cesium bromide has been installed in a Perkins-Elmer spectrometer, and 
spectra have been observed in the region from 15 to 38 uw. This prism is of better optical 
quality than those of KRS—5, which makes it possible to obtain sharp images at the second 
slit of the spectrometer. Measurements have been made with this cesium bromide prism, which 
has a refracting angle of 55°, and the results have been compared with those obtained with a 
26° KRS-5 prism. The dispersion of cesium bromide from 15 to 38 u is about equal to 
KRS-5, but the effective resolution is about twice as great. A group of rotational lines of 
water vapor at 28.4 w is now clearly resolved into three components, the two narrow ones 
being separated by 1.8 em ~!. The long wavelength bands of carbon disulfide and chloro- 
form have been measured in the vapor state, and it is possible, with the good definition avail- 
able, to observe the P, 0, and R branches. In the spectral region beyond 33 yw, the stray 
radiation produces a considerable amount of the total deflection. The stray radiation was 
reduced to one-tenth of its value by the use of a roughened silver mirror located in the 


source box of the spectrometer. 


1. Introduction 


The extension of infrared measurements to wave-- 
lengths greater than 25 uw by the use of KRS-5 
prisms has been of considerable value in measuring 
the low lying fundamental bands of molecules.' 
Although the KRS-5 prisms usually have poor 
optical quality, they have been use] in many labo- 
ratores. The purpose of this investigation is to test 
another crystalline material, cesium bromide, for 
possible use in the infrared region between 25 and 
1) u. Previous measurements on crystals of this 
material grown at this Bureau showed that it was 
transparent to 40 w for a window 6 mm in thickness.’ 

In recent months CsBr crystals of good optical 
quality have been grown in industrial laboratories. 
Prisms obtained from two companies have been 
tested in a Perkin-Elmer spectrometer. One prism 
had a fault in the erystal which increased the stray 
adiation, but there was very little diffusion of the 
image on the slit. On comparing spectra obtained 
by this prism with those measured by the one without 
apparent flaws, no appreciable difference was noted 
in the results. 

A cesium bromide prism with a refracting angle of 
55° was mounted in the Perkin-Elmer spectrometer, 
and it was placed at such an angle that the yellow 
lines of mercury could be brought on the exit slit 
when the drum of the spectrometer was set for large 
numbers. It was then possible to reach 40 uw before 
the drum was turned the full way to the zero. The 
prism was adjusted in the spectrometer by the use of 
the visible lines of mercury. 


F K. Plyler, J. Chem, Phys. 17, 218 (1949 
F K. Plyler and Francis P. Phelps, J. Opt. Soc. Am. 41, 209 (1951). 


After the final adjustment of the iastrument, some 
properties of the cesium bromide prism were deter- 
mined. They are discussed in the following part of 
this paper. 


2. Results 
2.1. Transmittance 


Transmittance of a cesium bromide prism with a 
55° refracting angle is sufficient to allow measure- 
ments to be made to 38 uw. This limit is about 1.8 
microns smaller than the cut-off of a 26° TIBr-I 
prism. 


2.2. Resolution and Definition 


The resolution of the cesium bromide prism is 
greater than that obtained with TIBr-l prisms. A 
practical test of resolution of the instrument, with 
a CsBr prism as the dispersing component, has been 
made. Figure 1 shows the resolution of the instru 
ment in the region from 25 to 38 yg, the absorption 
bands being produced by water vapor in the air. 
Three closely spaced lines are resolved in the region 
of 28.4 uw, two of the lines resolved differing in wave 
number by only 1.8 cm~'. These lines could not be 
resolved with the TIBr-I prism. The better reso- 
lution of the cesium bromide prism in the long wave- 
length region is made possible by its higher optical 
quality and its high dispersion, approximately equal 
to that of TI Br-I. 

There is very little fuzziness or spreading out of 
the images of atomic spectral lines when they are 
focused on the second slit. This feature of the prism 
material makes it possible to follow rapid changes in 
absorption over small wavelength intervals. Many 





absorption bands of substances in the vapor state 
have P, Y, and R branches. In measurements with 
the TIBr-I prism, it is not possible to observe band 
shapes on account of the poor definition of the image, 
but with the CsBr prism the band shapes can be 
observed for many molecules. An example of the 
observation of band shapes can be seen in figure 2. 
The carbon disulfide band at 25.174 is clearly 
resolved into P, Q, and FR branches. The 27.2u 
band of chloroform, which appeared as a single maxi- 
mum when measured by the TIBr-I prism, is now 
resolved into four components. The dotted part of 
the curve is an approximation of the true absorption; 
interference caused by water vapor partially masks 
the absorption due to the chloroform. The good 
definition of the prism is also advantageous for 
measuring spectra in that narrow absorption bands 
or lines can be measured to their true depths rather 
than as shallow diffuse bands. 


2.3. Dispersion 


The indices of refraction of cesium, bromide have 
not been measured, but a good idea of the dispersion 
of the prism can be obtained by measuring the 
number of microns scanned for one revolution of the 
spectrometer drum. The prism was set for minimum 
deviation in the visible region and was off from the 
minimum deviation by a few degrees in the region 
from 24 to 37y. Figure 3 shows the number of microns 
included for one revolution of the drum. The results 
for eight measurements at intervals throughout the 
spectral range are well represented by the straight 
line in the figure. For comparison, a similar set of 
measurements for TIBr-I prism with a refracting 
angle of 26° are also shown. Since the deviations of 
the two prisms are in the ratio of 2 to 1, and the 
refracting angles are about in the same ratio, it 
appears that the dispersions of cesium bromide and 
TIBr-I are comparable in the region from 24 to 384u. 


2.4. Stray Radiation 


The effect of stray radiation is large beyond 24,y, 
and becomes a serious problem in measuring spectra 


with the cesium bromide prism. The transmittance 
of TIBr-I is small in the near infrared region, and 
thus a filtering effect is produced; but there is no 
absorption by cesium bromide in the short wave 
length region and hence no filtering effect is produced. 
When the instrument is set for the long wavelength 
regions, the ratio of the stray radiation to the meas. 
sured energy increases and is about 80 percent of the 
total energy at 374. The amount of stray radiation 
present in an instrument is, in part, dependent on 
the accidental reflection from the interior of the 
spectrometer. Diaphragms of black paper were 











placed in various parts of the spectrometer, |. : yy) 
this shielding the stray radiation was reduc | yor 
little, which makes it appear that the stray r. |igtiy, 
originates principally from the surfaces and 
of the prism. In order to cope with this situ 
is necessary to reduce the amount of the sho» 
wavelength energy which enters the spectromet,, 
since the stray radiation is primarily composed 9 
the peak energy in the region from 1 to 5, of ¢\, 
globar source. 

Two types of filters, transmission and _reflectipy 
were tested for use in removing the stray radiatioy 
It was found that satisfactory results were obtains) 
by the use of a reflection filter which was made \y 
roughening the surface of a polished silver miry, 
The roughened silver mirror was placed in the sour, 
box of the spectrometer in place of the plane aly. 
num mirror. Figure 4 represents the percentage 9 
the total energy contributed by the stray radiatioy 
at different wavelengths for the aluminum mirr; 
the rough and the very rough silver mirrors. iy 
rough surface was produced by rubbing the polish; 
mirrar several times over 3/0—-80 emery cloth, ani 
the very rough mirror was produced by rubbing o 
1/0-120 emery cloth. The very rough silver mirroy 
reduces by a factor of ten the amount of stray radia. 
tion that is present with the aluminum mirror 
The roughened mirrors do not reflect the long way- 
length radiation quite as well as the polished mirror 
and it was found that the nonstray radiation was 
reduced to 85 percent of that obtained with th 
aluminum mirror. This reduction in effective energy 
was less than that found for transmission filters. 


terior 
10n 


3. Conclusion 


The higher optical homogeneity and the lower 
refractive index with approximately the same dis- 
persion of the cesium bromide prism make it mon 
suitable for measurements in the region from 24 to 
38 wthan a TIBr-I prism. Also, from about 20 to 24 , 
the results obtained with a cesium bromide prism 
are comparable with those obtained with a potassium 
bromide prism. For measurements covering th 
region from 2 to 38 yu, fair resolution can be obtained 
by the use of two prisms, sodium chloride and cesium 
bromide. However, for the highest resolution, prisms 


of lithium fluoride, calcium fluoride, and potassium 


bromide must be employed in the appropriate region: 
The use of different prisms to cover the greatest span 
may be somewhat changed when cesium iodide be- 
comes available. Small cyrstals of high transpar- 
ency have been grown at this Bureau and an estimal 
of probable transparencies suggests that this mate- 
rial will make possible the extension of prism spec- 
trometry to wavelengths greater than 50 yu. 
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Ficure 3. Change in wavelength per revolution of spectrom- 
eter drum for prisms of KRS-5 and cesium bromide in the 
region from 24 to Shu 


Absorption bands of carbon disulfide at 25.2» and 
those of chloroform at 28n. 


length, 10 em; pressure, 19 em; CHC1 cell length, 160 em; saturated 
KRS-5, 26° angle; CsBr, 55° angle 


PERCENT STRAY RADIATION 














9 3 33 37 
WAVELENGTH IN MICRONS 


Figure 4. Percentage of stray radiation in the long-wavelength 
region for different reflectors 


Wasuincron, April 8, 1952. 





s lico 
prin 
amou 
large 

Th 


poser 


prob 


Althe 


detal 
metri 
are t 
rect 
natul 
both. 
charg 
the d 
of th 
new 
seem 
Cu-( 
of th 
oxide 
read 
the | 
cont 
with 
there 
metr 
Cu, 
barr! 
the ¢ 
Ey 
obv li 
ma )< 
are | 
cond 








earch of the National Bureau of Standards 













dioxide produced on titanium metal. 







cations. 






1. Introduction* 


The phenomenon of rectification at a metal-semi- 
tor contact has been of commercial as well as 
scientific importance since the first announcement 
of the cuprous oxide rectifier by Grondahl in 1926 
i|.t Since this first practical rectifier was produced, 
, number of other somewhat similar types have ap- 
peared, the magnesium copper sulfide [2] and the 
selenium [2] rectifiers being widely used commer- 
cially. While the point contact types, such as the 
silicon and germanium rectifiers [3], are similar in 
principle, they are designed for handling small 
amounts of radiofrequency power instead of rather 
large amounts of low-frequency power. 

There have been a great number of theories pro- 
posed to explain rectification, the most widely used 
probably being those of Mott [4] and Schottky [5). 
\lthough these theories differ considerably in their 
details, both discuss a model consisting of an asym- 
metrical potential barrier such that charge carriers 
are transferred readily across the barrier in one di- 
rection and with difficulty in the other. It is in the 
nature of this barrier, e. chemical, physical, or 
both, and in the mathematical details describing the 
charge flow in the various possible situations that 
the differences arise. Unfortunately, the multiplicity 
of theories has not materially aided the search for 
new or improved rectifiers, and their discovery still 
almost fortuitous. The properties of the 
Cu-Cu,O0 system are, however, at least suggestive 
of the properties needed for a practical rectifier of the 
oxide type. It is evident that the oxide must be 
readily produced as a thin, tightly adhering layer on 
the metal surface, the oxide composition must be 
controllable so that it may be made a semiconductor 
with a relatively high conductivity, and finally, 
there must be some means of producing an asym- 
metrical potential barrier in the system. In the 
Cu,O rectifier there is some evidence [6] that the 
barrier is a layer of nearly stoichiometric Cu,O at 
the Cu,O-Cu interface. 

Even a brief consideration of the first two rather 
obvious requirements serves to eliminate the great 
majority of the metal-oxide combinations, since there 
are very few oxides that are readily produced with 
conductivities great enough to be of interest (about 


—_— 





j 
eond 























uo 
= 










seems 













esults of this work were first presented at the National Research Coun- 
nference on Electrical Insulation meeting in Washington, D. C., Oct. 





es in brackets indicate the literature references at the end of this paper 





| 
| 
| 


/ duced on the metal surface. 





A new type of metal rectifier is deseribed which utilizes a film of semiconducting titanium 
These rectifiers, which have been prepared either by 
a two-step process involving a heating of the metal in oxygen followed by a reduction of the 
oxide in hydrogen or by a single heating of the metal in water vapor, are shown to have 
properties comparing favorably with existing types, particularly for high temperature appli- 
The properties of the units in regard to the nature of the counter electrode, and 
relation to theories of rectification are discussed. 
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Titanium Dioxide Rectifiers 
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1 to 102-' em™' at room temperature), let alone in 
the form of a thin adherent film. 

Some observations on the oxidation of titanium 
metal [7] have shown, however, that a thin film satis- 
fying the mechanical requirements is readily pro- 
Similarly, there have 
been a number of studies of the electrical properties 
of titanium dioxide semiconductors [8 to 12] showing 
that the oxide can be made an n-type semiconductor 
with a conductivity in the desired range by heating 
the oxide in hydrogen. It is then apparent that at 
least the possibility exists for a feasible rectifier unit, 
providing that in some way the asymmetrical poten- 
tial barrier may be produced. The formation of 
this barrier seems not unlikely, since a concentration 


| gradient similar to that in the Cu,O rectifier might 


| 


65 


be formed at the metal-oxide interface or possibly 
at the oxide surface. A number of experiments on 
this system have been carried out, and two methods 
of producing such a rectifier have been developed. 
Although the unit is still in an early stage of develop- 
ment, the observed characteristics are comparable to 
those reported for commercially available types. It 
should be mentioned that, in common with other 
rectifier developments, it has proved difficult to 


obtain entirely consistent results, so the numerical 


values quoted later in the paper should be regarded 
as representative and not necessarily final values. 


2. Titanium Oxide Films 


The titanium metal used in these studies was 
obtained through the courtesy of the Allegheny- 
Ludlum Steel Co., Watervliet, N. Y. The sample 
was in the form of a sheet 0.015 in. thick of standard 
commercial grade Ti 75A, reported by the company 
to be about 99.5 percent pure, with 0.1 percent of 
Fe, 0.02 percent of N, a trace of O, C<0.04 percent, 
and variable amounts of W present as inclusions 
ranging from 0.05 to 0.5 percent. This metal was cut 
into 4-In. squares and ground with No. 400 alundum. 
A few trials were also made with the unpolished 
sheet, and no pronounced differences in the elec- 
trical results were noted. In the first series of 
studies, these squares, contained in a small porcelain 
boat, were placed in the furnace without protection. 
More consistent results were obtained if they were 
imbedded in Al,O; powder, and this procedure was 
followed in most of the studies. The samples were 












TABLE 1. 


Smooth, thin, light-grey, 
tightly adhering coat.* ly 
Breakdown voltage Breakdown 
V+, @ to @ V—, 1% V+, 120 to 

1%) 


Smooth, even, blue-crey, 
partially chipped coat.* 


Smooth, even, blue-grey, 
tightly adhering coat.* 
Breakdown voltage Breakdown voltage 
V+, & V—, 70 to W. V+, @ to @; V—, 120 
to 180 Thickness 

0.0001 in 

Greenish-yellow rough 
bound coat Break- but tightly bound coat 
down voltage V+, Breakdown voltage age 

1m; V—, >320. V+, >32); V—, >320. : 

Yellow, loosely bound Yellow, badly chipped coat. 
coat. Breakdown volt- Breakdown voltage 

V+, 3a; V-, V+, 4: V—, >50O 
Thickness 0.0008 in 


Breakdown 
V+, 120; 


Yellow-grey, tightly Yellow, 


V+, 
chipped 


Breakdown 
V+, 


Smooth, blue-grey, tight 
adhering 


Grey-yellow, 
loose from surface coat.* 


Vv-. 10 V+, 
Thickness ~0 0001 in 1%) 


tightly 
coat. Breakdown volt- 
320; V-, ge: V+, iD; V-. 


320 
White-yellow coat, 
at edges 
voltage 
Oo: Vv 


Properties of titanium oxide films 


Time 


Grey-yellow, badly 
chipped coat.* 


Blue 
thick, 
adheri 


Smooth, tightly adher- 
coat.* ing, erey-vyellow coat. 
voltage Breakdown voltage Breakdown volt- 
1m; V—, V+, 125, V—, 185. age: V+, 120 to 
1m; V—, 140 to 
150. Thickness 
~).0003 in. 
Grey. almost completely 
chipped off coat.* 
Breakdown voltage 
12 to 1%; V—, 
Thickness ~0.0001 


partially 
voltage 
in 


Yellow, partially chipped 
coat. Breakdown volt 


bound 


PU) 


Thickness 0.002 in 


then heated to the desired temperature in a tube 
furnace regulated to +5 °C, while a stream of inert 
gas, in this case helium, was flowing ‘through the 
tube. When the system was stabilized, the helium 
was swept out by oxygen dried by a liquid air trap 
and the samples kept in 1 atmosphere of oxygen for 
the desired time. At the end of this time, the 
oxygen was swept out with helium and the furnace 
allowed to cool to room temperature. 

The physical and electrical properties of these 
samples were then examined in a number of ways. 
Because the oxide film must be thick enough to 





withstand appreciable voltages before breakdown, 


the breakdown strength was first explored. The 
oxide was ground off on one corner of the square so 
that electrical contact could be made to the titanium 
metal. Then a small metal point of copper, about 
0.1 mm in diameter, was placed on the surface and 
the voltage raised to breakdown. This was done 
for both aiscctions of current flow on about 10 spots 
on the surface. 

The thickness of some of these films was deter- 
mined with a simple optical system. The oxide 
was chipped off the metal at one point. Then, 
using a small tripod on which a mirror was mounted, 
the displacement of a light beam was measured when 
one of the tripod points rested on metal or oxide. 
The sensitivity of the setup was 3.5u/mm of deflec- 
tion on the scale. 

The studies of the oxide films are reported in table 
1, where the physical appearance, measured thickness 
and typical breakdown voltages are given for the 
various samples. The polarity of the point contact 
is indicated for V. The samples oxidized without 
the Al,O, covering are indicated with an asterisk. 
In some of the higher temperature samples, the 
oxide film was so loosely adherent or flaky that no 
further studies were made. It is apparent, however, 
that samples produced at about 800° C for a variety 
of times, ranging from to 9 hours, have very satis- 
factory electrical properties. An undesirable feature 
noted in the higher temperature samples was an 
embrittlement of the metal produced by a solution 





of the oxygen in the metal, as has been previous) 
reported [13]. This embrittlement, while presen; 
Was not excessive in the 800° samples. 

The kinetics of the oxidation of Ti metal has bee» 
studied by several authors [14, 15, 16] with conflicting 
results. It has not been clearly established whethe; 
the growth follows a parabolic, logarithmic, or linear 
law with time, and all authors find considerable 
deviations for times as short as those used in this 
investigation. The work reported here cannot re- 
solve this difficulty because a wide scatter of the 
data was found. This scatter arises from the fact 
that precise measurements of thickness were not 
attempted, the difficulty of controlling the short- 
time treatments, and the possibility of oxygen dis- 
solving in the metal rather than forming a surface 


oxide. 
3. Reduced TiO, Rectifiers 


The reduction of titanium dioxide by hydrogen has 
been studied in detail by Nasu [17], who concludes 
that the reaction product is T1,0,. For the purposes 
of rendering the rutile semiconducting with a con- 
ductivity in the desired range, only a partial reduc- 
tion is needed, corresponding to a formula of about 


| TiO, ,; [11], that is, with a 2.5-pereent excess of 


titanium, which is presumably present as the triv- 
alent ion. This amount of reduction was achieved in 
solid ceramic samples of rutile by treatment with 
hydrogen for 10 minutes at 1,350°C [11]. As it was 
anticipated that the speed of reduction would be 
much greater in the thin films, a series of trial runs 
was made, following a procedure similar to that for 
the oxidation process, at temperatures of 450° to 
800° C and for times ranging from 5 to 60 minutes, 
using oxide films formed at 800° C for 9 hours. The 
samples were not imbedded in Al,O, for the reduction 
in hydrogen. The most satisfactory properties re- 
sulted from a treatment at 500° C for 15 minutes, 
although this was not critical. For long reductions at 
temperatures much above 500° C, however, the oxide 
film was found to flake off, and for lower temperatures 
the process was very slow. 





disp 
irst 
catlo 
more 
Wils 
abou 
pre it 
meta 
deta 
for t! 
plate 
heat 
form 
vent 
with 
with 
plat 
In 
ed l] 
Foot 
the 
flow 
the 
s pe 
cont 
ats 
shor 
is pl 
met 
whe 
as a 
a fu 
the 


so | 
be | 
Sa 
voli 
due 
and 
suc 
sini 
sim 
7 


tha 


«luction, the units were tested for rectifi- 
sing a small spot of metallic indium for the 
electrode. This electrode material was 
cause other studies have shown [11, 12] that 
lous electrical effects arise at the interface 
etal and titania semiconductors. This pre- 
testing was done with a simple circuit to 
he current-voltage curve on a cathode-ray 
ope [2]. If a reasonable evidence of rectifi- 
as found, a counter electrode was applied for 
tailed measurements. This counter electrode 
was iveniently applied by plating with a-c for 
abou! 30 seconds so that the sensitive areas would be 
preferentially coated. Electrodes of a variety of 
have been used with effects to be discussed in 
ater in this paper. However, silver was used 
major portion of the work because it is readily 
and the metal does not oxidize easily under 
heat treatment. The properties of the reetifiers 
formed in this fashion were then studied, using con- 
ventional voltmeter-ammeter measurements, both 
with point contacts to individual sensitive spots and 
with an 0.08 —em? copper plate pressed to the electro- 
plated surface to make a large area contact. 
~ In the rectifier tests some nonlinearity was observ- 
ed in almost all cases, but in a number of samples 
vood rectifying properties were found. The sense of 
the rectification is such that the direction of easy 
flow of electrons is from the n-type semiconductor to 
the counter electrode; that is, the counter electrode 
s positive. A typical measurement of such a point- 
contact rectifier formed by heating for 9 hours in O, 
at 800° C followed by 15 minutes in H, at 500° C is 
shown in figure 1, where the current in milliamperes 
is plotted as a function of voltage. A more revealing 
method of plotting these data is shown in figure 2, 
where the log of the current in milliamperes is plotted 
asa function of the voltage. The forward current as 
a function of voltage is described by an equation of 
the form 


more 


meta 
deta 
for ti 


plates 


I, Aje*! r (1) 


I;r) 1] 
so that a,, Ay, and r, the spreading resistance, may 
be determined from the data of figure 2. For this 
sample the values found are A,;=0.001 ma, a,=9.4 
volts', and r=212. This value of r indicates a con- 
ductivity at room temperature of about 7.42-'em™! 
and thus is in the desired range. As is typical for 
such measurements [2] the value of a, is considerably 
smaller than the theoretical value of 40 volts! but is 
similar to those found for commercial units. 

The reverse current for applied voltages greater 
than 0.5 may be described by an equation of the form 


IT, A, (er 1) 


with values of A,=0.38 ma and a,=0.35 volt. 
These results are also similar to those found for other 
rectifier types. A similar study of a plated sample, 
using an 0.08-cm? contact area, is shown in figures 
3 and 4. The forward and reverse currents are 
described by the same equations with constants 
a, 86 volts~', A,=0.0033 ma, and r=122 in the 


1 


forward direction, and a,—0.39 volt and <A, 
0.29 ma for the reverse current. 
While no highly specific conditional requirements 


were found for either the oxidation or reduction 


treatments, the general trend of the observations 


suggests an oxygen treatment of about 2 hours at 























Direct-current rectifier characteristics from silver 
rectifier made by two-step 


Figure 1, 
point contact on titanium dioxide 
process. 
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Analysis of direct-current characteristics of point 
contact titanium dioxide rectifier. 


Ficgure 2. 


67 








VOLTAGE 




















Direct-current characteristics from large area 
on titanium dioxide rectifier made 


Figure 3. 
silver counter electrode 
by two-step process. 
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Analysis of direct-current characteristics of large 
contact area titanium dioxide rectifier. 


Fieure 4. 


800°C, followed by a reduction in hydrogen for 
about 15 minutes at 500°C for the production of a 
satisfactory rectifier, 


4 


However, some undesirable features of th gyi). 
formed in this way were apparent. The | <))), 
in general were rather erratic, indicating | ,; 
spite of the efforts made to control the co: ons 
of reduction, the precautions were still insut' je); 
Similarly, a considerable lack of uniformity 4f ;), 
surface on a single sample was frequently ote 
Finally, hydrogen is known to be rather <ly)), 
in titanium metal [15] and a great embritt\omoy,; 
of the metal results. This made the pliysica) 
characteristics of the rectifiers rather undesira)j, 
for the fabrication of a practical device. 


4. Steam Treated Rectifiers 


The difficulties encountered in the contro] of thy. 
two-step process, coupled with the highly undo. 
sirable embrittlement of the titanium metal by bot} 
hydrogen and oxygen, led to a search for othe; 
nontile reactions to produce the oxide layer, 4 
thermodynamic calculation showed that a reaction 
of Ti metal with water vapor was possible an 
that either TiO, or Ti,O; were possible products 
A series of exploratory studies was made to investj- 
gate the feasibility of this procedure. The results 
are presented in table 2. Coats described as ver 
thin were less than 0.0001 in., very thick, greater 
than 0.005 in. 

From the results of these explorations it was 
evident that the rather low temperature reactions 
were producing in one step an oxide layer whose 
physical properties were satisfactory and which was 
already a semiconductor with a conductivity in the 
desired range. Similarly, tests for rectification 
showed that quite satisfactory rectifiers were ob- 
tained from these units. A second series of samples 
was made at 600° and 650° C for times ranging from 
10 to 240 minutes. These samples were weighed 
before and after treatment to study the oxygen 
gain. While considerable scattering was found 
in the results for these rather short times, just as 
in the oxidation treatment, it seems that the results 
correspond roughly to a linear increase in AWW 
with time up to about 8% hours, the constants 
being 7 10~*/hr for 600° C and 1 & 10~*/hr for 650°C. 
The film thickness was also found to increase more 
or less linearly with time up to about 12y, beyond 
which no reliable measurements could be made, 
probably because of flaking and chipping off of the 
oxide. 

Studies were made of the rectification in these 
samples, using a silver-plated counter electrode and 
with an 0.08-cm? copper backing plate. Consider- 
able rectification was found in all cases, although 
the reverse resistance was low in the short-time 
samples. Because it was apparent that the ability 
to withstand voltage in the reverse direction was the 
dominant factor, the breakdown voltage in the 
reverse direction was investigated, using the 0.08 
cm? electrode area. 

The breakdown voltages measured were quite 
erratic but show a rough dependence on the square 
root of the forming time up to a maximum of about 

| 25 volts at 600° C and 16 volts at 650° C. The 
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10-min 


Light brownish 
grey layer, very 
thick, loosely 
bound to surface 


Very low conduc- 
Sample 


tivity. 
slightly warped. 


TABLE 2. Properties of titanium oride film on steamed samples 


15 min 


Light brownish 
grey layer, very 
thick, loosely 
bound to metal 
Very low con- 
ductivity. Sam- 
ple warped 


20 min 


Light-grey, thin 
coat, tightly 
bound. Fair 
conductivity. 


Very thick layer 
resembling that 
of pure ceramic, 
loosely bound to 
metal. Good in- 
sulator. Sample 
warped. 


Time 


40 min 


+ 


Dark-grey, 


Grey, 


Light-grey, thick, 
glassy coat, 
tightly bound to 
metal. Low con- 
ductivity. Sam- 
ple slightly 
warped. 


very 
thin, tightly 
bound coat. 
Good conductiv- 
ity 
medium 
thin coat, 
chipped from the 
surface in sec- 
tions. Fair con- 
ductivity. Sam- 
ple badly 
warped. 
Light-grey 


glassy, tightly 


bound to metal. 
conductiv- 
Sample 


Low 
ity 
badly warped. 


layer, 
very thick, 


Dark-blue grey 
coat, fairly thin, 
tightly bound to 
metal. Good 
conductivity. 

Blue-grey, me- 
dium thin coat, 
chipped in spots 
Fair conductiv 
ity Sample 
warped 


Dark-grey, me- 
dium thin coat, 
tightly bound to 
metal Good 
conductivity. 

Grey, medium thin 
coat, tightly 
bound. Fair 
conductivity. 


constant A in an expression V= Ayt has the value 
of 12 volts/min* for the 600° C run and 1.1 volts 
min” for the 650° C series, with V in volts and ¢ in 
minutes, 

These measurements indicate that a forming treat- 
ment of about 3 hours in steam at 1 atmosphere 
and a temperature of 600° C produces a satisfactory 
rectifier. 

The d-c properties of such a unit are shown in 
figures 5 and 6. The solid lines in figure 6 are drawn 
for the equations J,=0.018 (e**¥—1) and J,=0.12 
¢’"*¥—1) for J in milliamperes and V in volts. An 
analysis of the results, as done for figure 2, shows a 
spreading resistance of 10, indicating that the 
oxide layer produced in this way is almost identical 
with that formed in the two-step process. 

A feature of great practical importance is the 
behavior of the rectifiers at elevated temperatures. 
The d-e characteristics at various temperatures were 
studied on a sample steam-treated for 3 hours at 
600° C with silver counter electrodes. The results 
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Ficure 5. Direct-current rectifier characteristics from large 
area silver counter electrode on titanium dioride rectifier made 


by one-step process. 


are shown in figure 7. It will be observed that the 
performance is actually improved by operation at 
temperatures up to about 140° C, since the forward 
current is increased while the reverse current is 
somewhat reduced. Rectification is still observed at 
200° C, but the unit is damaged irreversibly by this 
treatment, the forward current being considerably 
reduced. An analysis of the data of figure 7 shows 
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Figure 6. Analysis of direct-current characteristics of large 
contact area titanium dioxide rectifier from one-step process. 








Steam treated 3 hr, 20 min at 600° C, 0.08 cm? contact area, Ag plated electrode. 


Steam treated 3 hr, 20 min at 600° C, 0.08 cm? contact area, Ag plated electrode 
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Figure 7 Direct-current titanium dioxide rectifier character- 


istics at elevated temperature. 


Steam treated at 00° C for 3 br, ® min, 0.08-cm ? contact area, Ag plated 


electrode 


that A, r, and @ in eq 1 and 2 are a function of 
temperature for both forward and reverse currents. 
The values for these constants (for voltages >0.5 v) 
at the various temperatures are given in table 3. 
The effect of the thermal treatment on the barrier 
is clearly illustrated by the behavior of r. For 
temperatures up to 136° C, r in general is reduced 
presumably by the increase in number of charge 
carriers in the semiconducting layer. There is a 
sudden increase in r by an order of magnitude near 
160° C and a further increase at 200° C probably 
brought about by a partial reoxidation of the semi- 
conductor layer. 

Detailed life studies have not yet been performed 
on the rectifiers, but one unit was maintained at 


85° C with 10 volts applied in the reverse direction 
for a period of 28 days with an increase in current 
only from 1.65 to 3.1 ma. 


Direct-current characteristics of samples measured 
at various temperatures 


TABLe 3. 


Iya Age? —1); Ip 


Temperature 
r ma 
4.42 0.001 
7.7 0008 
Q0087 
00012 
0081 
0016 


5. Counter Electrode Effects 


While the current theories of rectification [4 and 5] 
suggest that the constant A; in eq 1 is related to 
e “*M eo, where @ is the work function of the con- 
tact metal, this is not clearly observed in practice, 
although 1, does depend on the nature of the counter 
electrode. Such a dependance has also been ob- 
served in the titanium dioxide rectifiers. A series 
of measurements has been made on a duplicate set 
of samples treated in steam for 3 hours at 600° C. 
The counter electrodes were electrodeposited for 30 
seconds using a-c deposition, and the samples were 
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Direct-current titanium dioxide rectifier character. 
istics for zine counter electrode. 


reverse @ 


Ficure 8. 
Forward 


then measured with 0.08-cm’? copper contact plate 
The counter electrode metals were Ag, Au, Sb, Cu, 
Ni, Zn, and Cd. Rectification is observed in all 
cases, but some rather striking differences are noted 
in the characteristics. The metals fall naturally 
into three groups: those metals low on the electro- 
motive series and hence not readily oxidizable, for 
example, Ag, Au, and Sb; those forming n-typ 
semiconducting oxides fairly readily, for exampk 
Zn and Cd; and those metals forming p-type semi- 
conducting oxides fairly readily, for example, Cu 
and Ni. The observed rectifier characteristics also 
fall into three groups. The inert metals give recti- 
fiers with reasonably similar properties, although 
the Sb gives a somewhat smaller reverse current 
than the Au or Ag. Some hysteresis effects wer 
noticed with these electrodes, but they are not 
conspicuous. 

For a zine counter electrode a striking change in 
properties was observed. The d-c forward curren! 
shown in figure 8 increases rather slowly with in- 
creasing voltage, although reaching normal values at 
about 3.0 volts. With decreasing voltages the for- 
ward current is noticeably greater than with increas- 
ing voltages, and for very low voltages is appre- 
ciably greater than that observed for the inert elec- 
trodes. The behavior of the d-c reverse current 
shown for low voltages in figure 8 and for higher 
voltages in figure 9 is even more striking. For 
voltages less than 1.5, the reverse current is consicer- 
ably larger than the forward current for the same 
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Direct-current titanium dioxide rectifier character- 
zine counter electrode for large reverse voltages. 
jtage. The reverse current reaches a maximum 
ar 2 volts and then remains relatively constant 
10 volts, when it commences to increase 
slowly. As the voltage is lowered, the current at 
first is somewhat greater than with increasing volt- 
wes, but for voltages below about 10, the current is 
ery much less than observed for increasing volt- 
we. Ifa 60 c/s a-c test is made, and the character- 
sties are displayed on an oscilloscope, as described 
n the reference in footnote 2, the current-voltage 
haracteristics show nonlinearity but very poor 
rectification. It is apparent that the blocking laver 
found in the d-c measurements is a_ polarization 
fect and, from some observations of the time of 
formation of the layer, which is of the order of sec- 
onds, can only be due to an ionic process. 

With a Cd counter electrode an unusually large 
forward current was observed, the constants being 
A,=0.049 ma and a,;=15.3 volts a somewhat 
larger than normal reverse current A,=6.3 ma and 
»=0.19 volts~', but the hysteresis effects were 
small 

For the metals forming 
different situation was observed. With copper a 
better than normal forward current was found, par- 
ticularly at low voltages, and a small reverse current 
was also obtained. The effects were even more 
striking with a nickel counter electrode. Again, an 
creased forward current at low voltages was found 
and the reverse current was notably small. These 
d-c measurements show rather pronounced hyster- 
esis effects, particularly in the reverse direction. 
When the rectification was observed on 60 c/s a 
test, the forward current behaves in a normal manner, 
but the reverse current is small only for low voltages 
and increases suddenly at about 4 volts reverse. 
This again indicates that the d-c properties are influ- 
enced by a slow polarization process, 


to about 


p-type oxides a somewhat 
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Direct-current rectifier characteristics for various 


counter electrodes 


Tapsie 4. 


Increasing 
voltage 
Decreasing 
voltage 
Increasing 
voltage 
Decreasing 
voltage 


Increasing 
voltage 


It should be mentioned that no permanent ‘“‘elec- 
troforming”’ effects have thus far been noted, al- 
though they would be anticipated in view of these 
counter electrode effects. The data for these d-c 
characteristics are summarized in table 4. The 
photoelectric work functions of the various metals 
are included [18]. The value for Ti is that given by 
Rentschler and Henry [19.] 

It is apparent that the constant A is not directly 
related to exp(e@/k 7), but that the counter electrode 
influences the properties of the unit in some other 
fashion. It should be stressed that too great reli- 
ance should not be placed on the individual values 
of A and a in table 4 because a considerable varia- 
tion between samples has been noticed. Compare, 
for example, the data for a silver counter electrode 
in tables 3 and 4 and figure 4. The general proper- 
ties mentioned have, however, been observed in all 
specimens tested. 


6. Discussion 


It seems evident that the rectifier described here 
has considerable possibilities, even though it has not 
vet been investigated in great detail. The ease of 
preparation of the units, particularly by the steam 
process, and the quality of their performance at such 
an early stage in their development are very encour- 
aging, although a great deal of study will be needed 
to assess their practicality. Similarly, a much more 
intensive study of many of the properties will be 
needed to obtain a clear picture of the nature of the 
rectification process. The information obtained 
thus far does, however, give some grounds for 
preliminary speculation. 

The nature and location of the asymmetric 
potential barrier is of great interest in any inter- 
pretation of the rectification mechanism. In all 
rectifier types thus far discovered the direction of 
easy flow of charge carriers over the barrier is from 
the semiconductor to the metal electrode. Because 
TiO, is an n-type semiconductor, the charge carriers 
are electrons; and since we have observed the 
forward direction to be that with the counter 
electrode positive, we must conclude that the barrier 
laver is located between the counter electrode and 
the semiconductor. This is suggested also by the 
observation of the counter electrode effects; if 





the barrier were located between the oxide and 
the titanium base, the counter electrode would 
not be expected to have much influence on the 
rectifier characteristics. 

It is possible that the barrier is a “physical” 
barrier of the Schottky type, but extensive measure- 
ments, particularly of the a-c characteristics, will 
be required to establish agreement with the predic- 
tions of the Schottky theory [2, 5,6]. Such measure- 
ments are in progress. A ‘“chemical’’ barrier of the 
Mott type [4] seems less likely to be present. 
Although it might be assumed that a film of nearly 
stoichiometric TiO, exists on the free surface during 
the steam treatment, the opposite situation would 
be normally expected in the reduction of the oxide 
film by hydrogen, and the free surface presumably 
would be the most strongly reduced. Another 
mechanism of rectification considered by Fan [20] 
may be possible in this situation. Fan showed that 
rectification was possible if a semiconducting film 
separates two metals with different work functions. 
This is supported by the striking behavior noted 
with the Zn counter electrode, since Zn was the 
only metal investigated whose work function is 
clearly lower than that reported for Ti. On the 
other hand, no direct dependence on the value of the 
work function for metals with ¢@)>4.2 is indicated 
in the values of the constants in table 4. 

Possibly even more suggestive is the fact that 
unusual properties were noted with counter electrodes 
that might be rather reactive chemically. The 


observed excellent d-c characteristics for the metals 

forming p-type oxides might imply that the formation 

of a p-n junction layer was oe the rectification; 
, 


conversely, a Zn counter electrode which forms an 
n-type oxide impaired the rectification. These 
effects, of course, would not explain the good rectifi- 
cation observed with supposedly inert counter 
electrodes unless it was postulated that compound 
formation took place in the surface layer in all cases. 
Even this assumption would, however, not explain 
the “normal’’ behavior of the Cd counter electrode 
which is known to form an n-type oxide [21]. It 
seems likely, in fact, that several mechanisms for 
rectification are operating in the combination, and 
evidently a great deal of study will be needed to 
assess the relative importance of the various pro- 
cesses. 

It would seem, in view of these counter electrode 
effects in which a transient barrier is formed in each 





half-cycle, that it should be possible to imp 
existing units by the formation of a simila; 
of a permanent type. This possibility 
investigated, with some indications of 
The particular feature of these rectifiers of 
practical interest is probably the behavior 4 hig 
temperatures. The difficulties encountered |) yo 
units currently available [22] have stressed 4), 
utility, particularly for military applications, of , 
power unit that could be operated at a temporatyy, 
of about 150° C. The titania rectifiers apparen:|, 
are quite effective in this range of temperature, gy, 
so merit serious consideration as power rectifiers 
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rared Spectra of Noble Gases (12000 to 19000 A)’ 


Curtis J. Humphreys and Henry J. Kostkowski 


The first spectra of helium, neon, argon, krypton, and xenon, excited by discharges in 
Geissler tubes, operated by direct connection to a transformer, have been explored in the 


infrared (12000 to 19000 A). 


A high-resolution, automatically recording, infrared spectrom- 


eter, employing a 15000-lines-per-inch grating and lead-sulfide photoconducting detector, 


was used as the dispersing instrument. 
these spectra. 
all of which have been classified. 


xenon represent essentially a repetition of the observations of Sittner and Peck. 
previously missing classifications are supplied, also a few amended interpretations. 
analysis of these spectra may be regarded as complete. 


standards is suggested. 
1. Introduction 


The essentially complete character of both the 
escriplion and interpretation of the photographed 
yectra of the noble atmospheric gases makes it 
apparent that any reopening of the subject can be 
justified only on the basis of the availability of new 
sources of information, such as a new technique of 
observation permitting an extension of the observa- 
tions into a previously unexplored region, leading to 
significant additions to the experimental material. 
such a technique is the utilization of lead-sulfide 
photocondueting detectors in combination with high+ 
resolution gratings for radiometric observation. The 
lead-sulfide cell extends the range of such high- 
resolution obServations beyond the photographic 
limit to the limit of its sensitivity near 30000 A, and 
because it is also sensitive to the visible and ultra- 


violet as far as 3500 A, at least, use of higher order | 


standard lines for comparison is possible. 

Three of these spectra, argon, krypton, and xenon, 
have been observed by this radiometric technique by 
sittner and Peck, whose reported observations and 
analysis |1]* cover essentially the same region as 
those herein presented. These excellent observa- 
lions appear to have been essentially complete, and 
ihe overwhelming majority of the classifications are 
correct. In the intervening period, however, suf- 
ficient new information has been accumulated to 
make it appear justifiable to prepare a new publica- 
tion, Which should complete these analyses as far as 
any reasonable effort will permit. Discussion of the 
specific points of difference between this analysis and 
that of Sittner and Peck, together with extensions to 
the analyses as reported in other earlier publications, 
will be included in the separate sections dealing with 
the respective spectra. In brief, these consist of 
inclusion of Her and Net, presentation of pre- 
viously unreported data consisting mainly of 18 new 
lines in Net and 36 in Kr 1, interpretation of nearly 
all reproducible previously unclassified lines, and 
amended classifications in a few instances. 

Observations of Kr 1 and A 1, obtained with a prism 
spectrometer, equipped with a glass prism and ther- 

Pres 


N. Y., Oct. 1949, 
? Figures in brackets indicate the literature references at the end of this paper. 


nted, in part, at the meeting of the Optical Society of America, Buffalo, 
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: f A new set of wavelength values is reported for all 
New data include 18 previously unreported lines of neon and 36 of krypton, 
he descriptions of the spectra of argon, krypton, and 


Several 
The 
Use of selected lines as wavelength 


mocouple detector were reported by Humphreys and 
Plyler [2]. These observations covered the same 
spectral region in which the data herein reported were 
obtained, but, because of well-known limitations af- 
fecting the precision of spectral data obtained by 
prism spectrometers with thermal detectors, may be 
considered as entirely superseded by the present 
work. The earlier paper may be referred to for a 
fairly extensive list of references on the first spectra 
of the noble gases, which will not be repeated in full 
here. It also reported two new levels, designated 4U 
and 4W, in Kr1, computed from photographic data by 
Meggers [3] but requiring confirmation by radiomet- 
ric observation of infrared lines, arising from combi- 
nations of the same levels. The first, or neutral- 
atom, spectra of all the noble gases are very rich in 
infrared lines. Considerable portions of these infra- 
red spectra lie in the photographically accessible 
region, and have been the subject of exhaustive in- 
vestigations. Reference is made to a few of the more 
recent publications, which, in addition to those al- 
ready mentioned, will serve as a background and 
introduction to the current work, and provide cross 
references to earlier work as required. A paper en- 
titled “The Infrared Spectra of Neon, Argon, and 
Krypton”, published by Meggers and Humphreys [4] 
in 1933 brought the analysis of these spectra essen- 
tially to completion. A separate paper by Hum- 
phreys and Meggers [5], and of similar scope, appear- 
ing a few months earlier, brought Xe1 up to date. 
Shortly after this, plates incorporating new photo- 
sensitizing dyes, made available by the Eastman 
Kodak Co. [6], permitted photographic observation as 
far as 13000 A in favorable instances. With these 
new plates Meggers [3] reobserved all the noble gas 
spectra to the photographic limit and interpreted 
nearly all the new lines. In the intervening years no 
further extension of the range of photographic sensi- 
tivity has been accomplished, and no further observa- 
tions of noble-gas spectra were made up to the time of 
the radiometric investigations at the National Bureau 
of Standards [2] and at Northwestern University [1]. 


2. Energy Levels of the Noble Gases 


Although the analysis of the spectra of the noble 
gases may be regarded as essentially complete, in the 
sense that nearly all the levels predictable from the 





electron configurations have been found, and that, 
in most instances, long series have permitted highly 
precise calculation of absolute term values, these 
spectra are somewhat unusual in their structure in 
that they do not permit arrangement into regular 
multiplets with any reasonable conformity to rules 
regarding intervals or intensities. Paschen [7] 
adopted a special notation in reporting his analysis 
of Net. This notation has been retained in all 
subsequent publications on these spectra; evidently 
because it is not possible to describe the levels accord- 
ing to the currently accepted notation, which is 
actually meaningful only when vector coupling of 
LS-type is present. This inability to identify mul- 
tiplets in rare-gas spectra points to the probable 
existence of a different type of coupling. This has 
generally been supposed to resemble the jj-case but 
evidence, principally from Zeeman effect, indicates 
that extreme jj-coupling is not realized, and that an 
intermediate type prevails. Considerable light was 
shed on the problem by a theoretical paper by Racah 
[8], who discussed an intermediate coupling scheme, 
designated j/, and discussed the conditions for its 
existence. It was pointed out that, whereas /s- 
coupling occurs when the spin-orbit interaction is 
weak compared to the electrostatic, and jj-coupling 
occurs when the electrostatic interaction is weaker, a 
third possibility, the j/-case, may be realized, 
according to which the electrostatic interaction is 
weak compared to the spin-orbit interaction of the 
parent ion, but is strong compared to the spin cou- 
pling of the external electron. The vectorial repre- 
sentation of this case is to combine the total angular 
moment ) of the parent ion with the orbital moment 
/ of the external electron to form a resultant K, 
known as the intermediate quantum number.  Final- 
ly, K is combined with the spin of this electron to 
obtain the resultant J, which has the usual signifi- 
cance, namely, total angular moment of the resultant 
configuration. 

Racah suggested a special notation for representing 
levels originating under the condition of j/-coupling. 
This notation has been selected for the appropriate 
sections, pertaining to noble-gas spectra, of “Atomic 
Energy Levels” [10]. This innovation has been fol- 
lowed in tabulating the descriptions of spectra listed 
in this paper, except for He 1, which is described in 
conventional notation. The Racah notation has 
been abbreviated by omitting the description of the 
parent ion, mp*(@P,,) or CP,.), the omission or 
insertion of the prime with the letter indicating the 
running electron being sufficient to distinguish 
between the two respective possible cases. This 
usage is also borrowed from [10], which not only 
employes the prime in the manner indicated, but 
also supplies the complete parent ion description. 
Descriptions of the transitions, according to the 
Paschen notation, are also included along with the 
Racah notation in parallel columns in the tables 
pertaining to argon, krypton, and xenon. This is 
intended to permit ready comparison with earlier 
yublished analyses and to provide a basis for trans- 
ating the old notation into the new. It is to be 
sated that every symbol in the new notation is phys- 


| 
| 





ically significant. The number within the | 
Racah’s K or intermediate quantum numbe: 

by vectorial addition of the j-value of the Pa nt ie 
to the /-value of the external electron ' ms 
instance of the noble-gas configurations, wi +» th, 
parent ion has j-value=1's (unprimed cas: ther 
can be a maximum of four K-values; and w). re 4), 
parent ion has j-value=0', (primed case). th 
than two values of K appear. For each K-, 
addition or subtraction of the spin moment 
external electron, always=0';, two possible 
appear for the resultant vector sum. We thy 
a pair of levels for each K. A maximum 
twelve levels is possible for any rare-gas confi 
where the external electron has /-value 2 or creaje: 
As might be expected, this is the same total pumhy, 
and the same set of j-values that would be obtained 
with LS-coupling. Table 1 illustrates the develop- 
ment of the set of levels and appropriate quantyy 
numbers associated with the binding of the f-clectron 
in the configuration mp* nf. 


it, by 
of th: 
Values 
obtair 
tal 0} 
iratior 


TaBie 1. Development of notation for jl coupling, according 
to Racah, illustrated by f-type levels of noble gases : 


Ion 
configuration 


pPPePr* 


The pair structure resulting from the j/-coupling 
scheme was pointed out by Shortley and Fried {9 
This structure is quite apparent in the level schemes 
of the four noble-gas-atomic spectra, Ne 1, At, Kr 
and Xe 1, up to and including the levels based on th: 
configurations p’ nd. In the instance of the pair 
arrays from p' nf these features are much less ob- 
vious. They are developed in three out of four 
possible cases in Xe 1, and show diminishing sepa- 
rations for the gases of smaller atomic number 
until in Ne 1 these f-type pairs of levels merge into 
single levels even with the high resolving power now 
employed in presently available techniques. Lack 
of knowledge regarding these f-type levels has con- 
stituted the most conspicuous gap in the analysis 
of these spectra, and a considerable part of the in- 
formation supplied by this investigation is con- 
cerned with these structures. Details for the 
respective spectra are given under the appropriate 
headings. 

The numerical values of the levels used in obtain- 
ing the calculated wave numbers of emission lines 
that appear in the tables that follow, pertaining to 
At, Kri, and Xer are those that are current) 
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1: {10}. The levels reported in that pub- 
Net, At, Krtand Xe 1, are taken from 
| manuscript by Edlén. These values 
| revision, together with reassignments 
stances, of the tables of levels listed in 
itions already quoted [4, 5], and are based 
me data. A small number of missing 
iired to complete the arrays and predicted 
s calculations, have been confirmed by 
ransi tions. 


3. Experiments 


sh-resolution grating spectrometer used for 
servations has been described briefly in an 
iblication [11]. It is of conventional design 
orporating a 15000-lines-per-inch Johns Hopkins 
eating, 1-meter focus off-axis paraboloidal collimat- 
ow mirror, ground and figured in the Optical Instru- 
ment Shop of the National Bureau of Standards. 
The cone-bearing, grating-mounting, worm-gear as- 
«mbly, and simultaneously movable bilateral slits 
were constructed in the Instrument Shops of the 
Department of Physics, University of Michigan. The 
Js conformed essentially to the design of Roemer 
and Oetjen [12]. Figure 1 shows the instrument 
with the cover and baffles removed. The amplifier 
shown on the table beneath the spectrometer was 
mstructed by W. R. Wilson, and is of the same 
design as that used for similar purposes at North- 
western University [13]. The electronic components 
visible in the picture also serve to establish the scale 
of relative sizes of parts. It may be noted that the 
mirrors are 7 inches in diameter, and that the grat- 
vis ruled on a 9-inch blank, with segments cut off 
io adapt it to the ruling machine. 

The data reported were obtained in most instances 
by using Geissler tubes as radiation sources. In in- 
stances where higher-order comparison standards 
from the same spectrum were employed, the source 


The 


eariel 


was simply imaged on the entrance slit by means of | first two lines listed, 3 °D 


a quartz lens. Where lines of a different spectrum 
were used as standards an arrangement similar to 
that illustrated in the paper by the senior author on 
Cal [14] was employed. In this system the quartz 
ens Was left in position and a concave mirror was 


also set up on the optic axis in such a position that 


it formed an image of the source in the position of 
ihe conjugate focus of the lens with respect to the 


TABLE 2. 
Observed 


wavelength 
in air 


Observed 
intensity 


A 
12784. 10 
2790. 3 1 
7003. 20 
S685. 12 70 
18697. 00 10 
20580, 9 5000 


level unresolved in these experiments. 


Term combination 


Figure 1. National Bureau of Standards infrared grating 
spectrometer with the cover and baffles removed, 


slit. When the comparison source included a tube 


of fairly large bore, it was set up with its axis coin- 


cident with the image of the first source, so that both 
could be imaged on the slit simultaneously. In 
other cases, the comparison source was moved into 
or out of the described position, but the comparison 
lines were always introduced under the condition of 
continuous scanning. 


4. Characteristic Features of 
Noble Gas Spectra 


4.1. Helium 


The observation of the helium spectrum was fo 
the purpose of improving the wavelength data, be- 
cause there was no reasonable prospect of finding 
new level combinations of appreciable intensity in 
this thoroughly analyzed spectrum. The results are 
given in table 2 and comprise data on six lines. The 
53F°, and 3'D—5'F° 
were the lines of greatest wavelength reported by 


Meggers [3] and were evidently at the limit of photo- 


| graphic sensitivity. The wavelengths of the others 

are known only from the early radiometric measure- 

ments of Paschen [15]. Because of a radiometric 
| application utilizing some of these lines, special care 
| was taken to evaluate the relative intensities pre- 
| 
| 


cisely. It is believed that the apparent relative in- 


Description of He 1 in the infrared region 


Wave number 
Difference 
(calc. — obs.) 


Observed Calculated 


cm? 
7819. 89 
7815. 09 
5879. 73 
5350. 71 
5348. 02 
4857. 45 





tensities are correctly evaluated, bearing in mind 
that no correction has been made for spectral sen- 
sitivity of the detector, or effect of the properties of 
the grating, on apparent spectral distribution of 
energy. The calculated values of wave numbers 
are Eeood on the values of the levels quoted in [10]. 
The wavelengths of the various lines of the funda- 
mental series have been evaluated by bracketing 
them between fairly close third-order neon lines. 
There is no possibility of an experimental error 
nearly as large as the difference between observed 
and calculated wave numbers indicated for the 
singlets, particularly since the relative precision of 
the determination of the singlet and triplet transi- 
tions for a given series member is high. It is sug- 
gested, therefore, that reevaluation of the first two 
members of the f-series is in order. The following 
values would bring the levels into agreement with 
the reported wavelength measurements: 





standards 


ng third-order 





ineludi 


4f'F°, 191446.21 


4f*F°, 1914.46.29 


5f 'F°, 193915.53 


TSO00 to IS7OU 


hows 
5f *F°, 193915.56 — -asmne 


= ¢¥22ve 





| 
The indicated extremely close proximity of the <n ove 
singlet and triplet F-terms of given order number is } Ser 
in accord with their relative positions for the higher = —S— iene 
series members. The difference between the ob- 
served and calculated wave numbers for 28'S 
2p 'P°, namely, 0.10 em ~', is close to the expected 
experimental error. The line at 17003 A arises from 
a transition between multiple levels, unresolved by 
available techniques. No revision of accepted level 
values based on the measured wavelengths of these 
two lines appears to be required. 


A, Angstroms 


4.2. Neon 
It 
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The observations on Net have been confined to 
the limited wavelength region, 18035 to 18625 A, 
in which the electron transitions of the type 3d—4f 
occur. The only previous data pertaining to this 
region consist of a few lines reported by Hardy [16] 
that could not be resolved or measured by methods 
then available with sufficient precision to improve 
the existing set of level values. The new data are 
listed in table 3 and comprise 18 lines. A reproduction 
of a typical record is shown in figure 2. The wave- 
lengths have been evaluated by interpolation be- 
tween third-order neon lines included in the well- 
known group of red neon lines, which are accepted 
international standards. The calculated wave num- 
bers are based on a set of adjusted values of f-levels 
determined from these observations rather than upon TI 
the values currently published [10]. These revised mate 
f-levels are compared with the current set in table 4. regic 
The bracketed values quoted are, of course, predic- less 
tions, which are now confirmed by the present set = long: 
of observations. vant 


Reproduction of tracing of chart record of infrared spectrum of neon, 
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TABLE 3. 


Observed 


: - Term combi i 
intensity mone 











Revision of f-type levels in Ne 


Atomic 
Energy 
Levels [10] 


ee Racah notation 


167054. 5% 
[167062. 5 

167071. 
[167079. 


70 
28 
03 
06 
33 


62 


2p CPi) 4f (LMhi2 
tf [4¥las 
4f [2%4)o,3 
if [3%4ohs.4 
2p*' 2Ping) 4f'(3Y4]s.4 
4f’(2%4ho,5 


167054 
167062 
167071 
167079 
167848 


167848 167848. 67 


It is to be noted that a total of only six of these 
‘-levels have been found, two primed and four un- 
primed. This represents the complete development 
of the level system, but with the Racah pairs either 
coalesced or so close together that they cannot be 
distinguished in cases where there is a possible com- 
bination of both members of a pair with a given 
/-level, producing a close doublet. Such close levels 
might also be distinguished on the basis of a small 
difference in numerical value based on determina- 
tions from strictly single transitions according to 
selection rules, but here again the attainable pre- 
cision appears inadequate for the f-levels of Ne 1. 


4.3. Argon 


The observations on Ar extend from approxi- 
mately 12000 to 17000 A, covering essentially the 
region explored by Sittner and Peck [1], but slightly 
less extended in the directions of both shorter and 
longer wavelengths. There appeared to be no ad- 
Vantage in overlapping the region observed photo- 


Newly observed and classified lines of Net 


Wave number 
Difference 
(eale. obs.) 


Observed Calculated 


cm! 
5543. 11 
5528. 57 
5486. 75 
5484. 98 
5469. 97 


cmt 
5543. 11 
5528. 63 
5486. 74 
5485. 00 
5469. OS 


5468. 
5461. 
5445. 
5437. 
5436. 


5468. 
5461. 
5445. 
5437. 
5436. 


19 
79 
37 
68 
22 


20 
81 


5432. 4 
5426. 6 
5416. 1: 
5410. 
5377. 


5432. 
5426. 
5416. 
5411. 
5377. 


36 
68 
05 
01 
44 


5375. 65 
5369. 
5367. 


5375. 
5369. 
5367. 


65 
iS 
67 


| graphically by Meggers [3] below about 12000 A 
| where the photographic emulsions were sufficiently 


sensitive to permit essentially complete recording 
of the spectrum. The a reason for reobserv- 
ing Ar was that a considerable number of the lines 


beginning with 13273 A and lving in the region of 


| greater wavelengths were either left unclassified by 


| combinations, 


| limit, namely, *P,,,. 


Sittner and Peck or had been assigned to transitions 
that appeared improbable. Part of Sittner and 
Peck’s observations were made with flash tubes. 
The differences in excitation are responsible for con- 
siderable variation in the intensities of some level 
when Geissler tube and flash tube 
excitations are compared. In general, the effect of 
the flash tube excitation is to increase the intensities 
of combinations of levels where one or both the 
levels belong to the family converging to the higher 
level of the inverted doublet constituting the ion 
A few of the weak lines observed 
by Sittner and Peck do not appear on our records and, 
vice versa. We have observed a small number not 
included in their list. These few weak lines remain 
unclassified, and there may be some doubt of their 
origin in At. Table 5 contains the pertinent infor- 


mation regarding 66 lines included in the current 


| classified. 


_ are listed for comparison. 


set of observations. All but three of these lines are 
The wave numbers observed by Sittner 
and Peck and by Meggers for the overlapping region 
A slight majority of the 


| observed wave numbers show better agreement with 


| 


77 


the calculated values than those of Sittner and Peck, 
but the precision of observation is not regarded as 
being significantly improved. The observations on 
argon were not expected to give precise evaluations 
of intensities. The same remark also applies to the 
sections on krypton and xenon. Because of the 





TaBie 5. Description of At in the infrared region 


Observed Wave number observed Term combination 
wavelength 
in air, Observed 
Humphreys intensity Humphreys  Sittner 
and and and Meggers 
Kost kowski Kost kowski Peck 


Paschen 


notation Racah notation 


om~* cm~' em~* 

8253.87 8254.06 8253. 2p, —3d; tp (244), — 3d [216} 
8235. 11 8235. 22 8235. 16 2p, 3s; tp’|1\ 3d’[1 ehh 
8227. 13 8227. 33 8227. ; 3d,’ iW 3d (24% — 4f’ [3%4],, 
8009. 06 8099. 40 8099. ¢ 2ps 3d; tp [2'4),— 3d [2M%}s 
8090.48 8090.87 8090. 86 3d; 1Y 3d [14h—4f [214], 


12402. 8! 8060. 4: 8060.44 8060. . 2p, —3d, ip [14h — 3d [1 gh R00 
12419. 8049. 7 8049.95 8049.74 3d, iX 3d [1M b—4f [14), 80.49 
12439. 8036. { 8037.02 8036. 2pw — 3d, tp (OM), — 3d [14h 8036 
12456. 8026. 0: 8025.83 8025. 9 2ps 2s, tp [214},— 5s [14] R025. a: 
12487 8005. 7: 8005. 68 8005. 2py — 2s; tp [244],— 5s [1 M43 8005. 7 








12554 5 7963. 15 7962. 87 7963. 4: 2po 3d; ip [244], — 3d [2% 7963. 25 
12506. : 5 7936. 68 7936. 60 3d; ’ 3d (244 —4f" [34h suse, 
a Ss. j 7920. 7920. 09 7020. 7 2ps 2s, ip [(Ol~4|o 5s’ [Ole}i 7920 
12630 ‘ 7909. 8 7909. 21 2p 3d, tp [1 M%),—3d TL i T 
12651 7902. - P (14h— 3d [19h ne 


12702. : 870. : 7870.46 7870. 2p, —3s; 4p’[044), — 3d’[1 4k 7870 
12733. 5 5 78 7850. ‘ 7851. 2p, — 2s; tp [214],—5s [14h 7851. 2: 
12746. : E 3. 2! 78 43. 7843. 3 2p 2s, tp’ Oe), 5s’ (Obe} 7843 4 
*12802 : 7808. 7! 7808. 7: 2ps 4p (244), — 3d [2'4}s 7808. 7: ~ 
12912. 26 ‘ é : essen 
detect 


12933. 3: j 29. 84. 7729. 26 7729. 2p. 2: tp'({1\ 5s’ [(Ol4)s 7720 lo, 0 
12956. 25 1. . % 7715. 2p < ip 6 3d {ol oli 2715 5 ntens 
13008 : 185. 1s IS4. 7685. 2p, 2s, tp'|1 44h) — 5s’ [Ole]; 7685. 32 range 
13028. 3. 2p, — 3s," 4p'[1 oh, — 3d’ 1s 7673. 4: aaa 
13214. 565. 2! 565. 2pr 4), —3d [014 num) 
, 322 I cle 
3228. 557. : 557. 4 s — 3d [31 557. 5 dt 
13231. ; 555. 555. Sp, —2 . é|,—5e [lish BBS O6 wie : 
13273. 0: : 532. 532. 2p, —3s;” TLL — 3a’ . Rap « nto 

13302. : 515. 36 515. & 2ps ’ 4p’ 6), — 3d’ 4 5 515. 42 ol in 
13313. 509. 509. 2p ” al thé 3d’ ; 509. 25 lines. 
ie exten 
13330. ‘ " + mt 3d, ‘ 9 4f [3¥ohs,4 7499. reaso 
13367. 9. 06 2p, —3d; 6b — 3d [214]3 7479 par 
13406. : 5 56. 3d, | 3d [314k —4f [414s 7457. -— 
13499. } ' 5. 45 2p. ‘ , 6k —5s [1M] 7405, on he 
13503. f L ; 2ps 6h — 3d [314]; 7403. 07 tion 

13543. f 4 1 2p; 2s. y 5 “ls 738) 2 noun 
13573. f ; 2 ' 2p, ‘ 1014), — 5s" [014 7365 ant | 
13599. 5! . 51. 2p; ee ’ 2d’ [21S )s 7351. 2 that 

13622. ; 2p; : 4h—é 74! 7338. 7: origit 
13678. ' ; 10% 3d’ [14] 7308. 7: 2D, 

most 








13718. ; .é 2 . 6),—3d [3% 87. 4; 
13825. ‘ ’ 2p. S4—5s [14h — 9: disco 
13828. . 7229. 8! 3d, Mele 6\3. 7229. 76 old \ 
13907. q le . < ft : 7188. a highe 
13910. ; 7187. : r / 7187. ; nota! 














14093. 46 = 7093. 7093, 4: and 
14249. .65 7015. 2 Pp . 7016 two 
14257. : 4 7012. 3s,” ~4f’ (314). 7012. 36 heen 
14596. 6849. * j b—4y’ [20 6849 lat 
14634. 6831. 44 , 3d’(2145 — 4f" [34Gb 6831 tes 


14649. § 824. 6823. ” —4U 3d (2148—4f [34h publ 
——. . | eo : y —4Y 3d (2'9h—4f [24h ‘Ue Po 

14739. 11 3 . 6782. aad 4 1u ve 3d 3 ( sion 
| 14786. 29 : . 16 6760. 89 . Be fi + 4f Pak ; on. 
| 15046. 42 70 6644. 31 * " P 4p’[0%4)o— 3d’{1 an lines 


* Confused with 8. O. Ne \6402, 











TABLE 5. 


Wave number observed 


Observed 
intensity Sittner 
and 
Peck 


Humphreys 
and 
Kost kowski 


Meggers 


cm~* 
6588. 


cm~* 

6589. 13 
6564. 21 
6533. 18 
6521. 54 
6513. 06 


82 
6533. 
6521. 
6513. 


62 
73 
24 


51 
84 
42 
32 
33 


6511. 
6490. 
6288. 
6252. 
6082. 


37 
63 
60 
44 
18 


6511. 
6490. 
6287. 
6252. 
6082 


6052. 55 
6041. 


5971. 


5901. 


6051. 55 
6040 
5972. 


5901 


SI 


16739. 384 
16940. 39 


sentially linear character of the dependence of | 
efector response upon incident energy, these records 
lo, nevertheless, provide an excellent means of 
ntensity evaluation. Because of the limited scale 
range of the recorder, it is necessary to make a large 
number of records with different amounts of energy 
neident on the entrance slit or with different. slit 
widths, or else to introduce controlled attenuation 
nto the amplifier output in order to reveal the range 
of intensities between the strongest and weakest 
lines. Both devices have been used to a limited 
extent. The relative intensities may be considered 
reasonably good estimates over moderate ranges, but 
are subject to the limitations mentioned in the section 
on helium. The nonuniformity in spectral distribu- 
tion associated with use of a grating with a pro- 
nounced “blaze” angle is probably the most import- 
ant of these limitations. It seems fairly certain 
that the most intense line included among those 
originating in transitions of the classes studied is 
2p,—3d,. The newly classified lines originate in 
most instances in combinations involving four newly 
discovered levels which are the first members of the 
old V, U, and W series previously known only in 
higher members. In the Racah or pair-coupling 
notation, these levels are 4/[41%4];, 4/[/4 4], 4713 Ws. «, 
and 4/"[3¥4)],4. It is to be noted that in the last 
(wo instances the separation of the pairs has not 
been directly observed, or inferred, from existing 
data. These newly interpreted levels were actually 
identified from the data in the Sittner and Peck 
publication, previous to the observations herein 
reported, and communicated to Dr. Moore for inclu- 
sion in the first volume of [10], as noted in the section 
on.argon. The following are the wave numbers of 
lines for which no classification has been published 
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Description of At in the infrared region 


other part of this study. 


Continued 


Wave 
number 
calcu- 
lated, 
Moore 
(10) 


Term combination 


Paschen 


: Racah notation 
notation 


tp [OM |o— 5s (144) 6588. 
6533. 
6521. 
6513. 


3d (214); 
ip (24), 
3d [214]; 


4f [3% 
3d [1 Ma} 
if [2% 3 


5s [14h] 6511. £ 
if [44h 6491. 
tf’ [2%), 6287. 
5s’ (OM); 6252. 
tf (2%) 6082. 


tp’(1 M4), 
3d [214]3 
3d’ (114) 
tp'|OM|o 
3d {1 oli 





6051. 
6040. ! 
(6040. 

5972. 

5901. 


3d [1 Mohi 
4f (1 4hi2 


5s [14h 
3d [1 M5 


4p [1 M); 
3d [14h 


tp'(OM~), 
ip [1 Mele 


previously: 7673.51, 7532.00, 7515.39, 7456.98, 
7381.45, 7011.94, 6824.07, 6533.18, and 6490.63 
em™~'. New classifications are proposed for 7499.64, 
and 6831.47 em~'. Each of the lines of wave number 
7229.85 and 7187.34 cm~', as listed by Sittner and 
Peck, has a close resolved companion. The com- 
panion line in each instance should have the classi- 
fication listed by those authors, and new interpreta- 
tions are proposed for the lines in the positions first 


| reported. 


4.4. Krypton 


Considerably more effort has been devoted to the 
observation and interpretation of Kri than to any 


The principal reason for 
this emphasis is that, of these noble-gas spectra, Kr 1 
has the greatest population of fairly uniformly dis- 
tributed lines in the region between 10000 and 20000 
A, and, as such, shows considerable promise as a 
source of standard wavelengths. The wavelengths 
have been determined by use of second-order krypton, 
neon, and argon lines as comparison standards, and in 
some instances third-order lines of Fe 1 excited in an 
arc. A few first-order krypton lines originating in 
transitions of the type 1s—2p, the wavelengths of 
which can be computed with great accuracy from 
known levels, were also used in regions where avail- 
able. Actually, the relative scarcity of good stand- 
ards was the principal impediment to the most 
satisfactory wavelength determinations. One of the 
sources used was a Geissler tube, imported several 
years ago from the firm of Robert Gétze in Leipzig, 
and kindly loaned for this work by Wm. F. Meggers. 
This tube contained krypton of exceptional purity, 
and its operation under optimum conditions probably 





TaBie 6. Description of Kr in the infrared region 


Observed Wave number observed Term combination 
wavelength 
in air, 

Humphreys Humphreys — Sittner 
and and and Meggers 
Kostkow ski Kost kowski Peck 


Observed 
inten- 
sit v Paschen nota- 


. Racah notation 
tion 


A cm~! cm! cm 
11792. 25 ; 8477. 82 8477.67  2pw—3d, 5p [014], — 4d [114]; 
11819. 43 2 8458. 33 8458.33 2p — 2s; 5p [OL], — 6s [114] 
11996. 00 2! 8333. 82 3d, —4¥ td [1 Mas — 4f [214], 
11997. 08 8 8333. 07 8333.03 3d, T 4d [1 44)s— 4f [214], 
12077. 42 5 8277.64 8277.96 8277.79 3d, Z id [1 4Qhs—4f [114], 


12117. 81 $250. 05 250) 8250.06 3d; td [344i —4f [31%%h,, 
*12123. 47 245. 8% 8246. 15 18 2p; 5s’ [OLe}} 5p [0M%|y 
12156. 97 : 8223. 48 3d, T td [31g]; —4f [214], 
12204. 39 7 8191.52 8191. 1: 8191.43 3d; J id [344]i—4f [414], 
12229. 23 8174. 89 2p, —3: 5p’[L beh —7s [1 bhi 


12240. 81 - 8167.15 3d; td [2Ve}5 pli) 
12321. 48 8113.68 8113. 8: 3s,’ 534.6 id’(1 44s — 4f"[214], 
12598. 19 7935. 47 32," — 1536.49, 4d"|214)3— 4/1314], 
12782. 39 7821. 11 87: y 3d, 4d [3445 —4f [3%),,, 
12825. 08 7708 ae ge ‘ T id [344]; —4f [21 <i. 

, — li td [344]; — 4f [214], 


*19R6 ‘ 
12861. 89 5 . 5s’ (0l4)i — 5p {1 4), 
12879 5 7762. 46 52. 56 : J 4d (344); —4f |45], 
12934. 4) 7729. 1! 2 . 5p’[0'4] 
12977. 98 ; 7703. ‘ “ ; 5p’[ 14), 
12085. - 7699. 7698. 3% 2px 3d,’ 5p [0%4), — 4d [24]s 7698 


13022. 0: : 7677. 1! 7676. é 1536. 49, 4d’ [2% hi 4f'[3'4)s.4 7676 
13177. 38 85 7586. 7 7586. 66 28, 5 |, — 6s [1 Ve]i 7586. 65 
13210. : 7567. 6% 7566. 35 4d, 5p’tib 5d [2M] 7567. 5 
13240. 5: { 7550. 5 7549. | 2s, F 44]; —6s’[016}; 7550. 
13304. : F 7514. ¢ ‘ I po 6s [144h—7p[2'4], 7514. ; 


13337. 5: 5: 7495. 5¢ 7494. 87 2s 5p'[1 Meh — 6s’[0le)s 7495 
13622. 28 7338. § Ds 3d, 5p [2M], — 4d [114]; 7338. § 
13634. : 7 7332. 4! 2s; 2p [24h — 6s [114]s 7332. 
13658. 3: 36 7319. 5 2s; 5p [244).— 6s [143 7319. 
13711. 2: 7291. ; ‘ 3s; 5p’[1 44h —4d’[1 4} 7291. 


*13738. & 2p. 5s’ (Olo}i — 5p [1 16h 7276. 6 
13763. 7 7263. 4! 2p, td,’ f 1 M4}o— 5d [2bo]g 7263. ; 
13800. : 7244. 37 ‘ 4d,’’ 5p’[014), — 5d [2e}s 7244. 35 
13832. 57 : 7227. 3: ' 2s, 5p’[0%]), — 6s’[014}; 7227 
13882. 6 2 7201. 26 2p, 28, 5p'[1 4h — 6s’ [04]; 7201 


13924. 27 7179. 87 iW 4d [216]3;—4f [314], 7179. 97 
13939. 1: sf 7172. 28; 5p’[0%4); — 6s’[0M4 Js 7172. 
13974. 15 7154. 7154. 4Y 4d [244s — 4f [214], 7154 
14104. : 7088. 4d; 5p’[014], — 5d [1 Wo} TOSS. 
14156. : 7061, &¢ . 4d; 5p’[1 Mh — 5d [1 4}5 7062. 








14341. 25 6970. 97 2p. 4d, 5p’ [14h — 5d [214 ]} 6971.5 
14347. 8: 6967. 7 6968. 5: ‘ 4W 4d [2443 —4f [3%)},,, 6968. 
: 3s; 5p’|0%4), —4d'T1 4h 6968. 
6941 3s; 5p'|1 M4) — 4d’ 1 Mo} 6942. 

a 4Y 4d [244]; — 4f [214], 6942. 23 

14402. 58 6941, 29 4T 4d [244)3— 4f [214], 6941. 


14426. 93 6929.57 6929. ¢ 2s, 5 sh —6s [14k 6929. 6 

14469, 33 6909. 27 6909. 74 4 1U eb—4f [4'ol 6909. 5i : 
14715. 55 6973. 66 - 4d, i 5d [1 Loh 6973. 38 reveal 
14734, 46 ( 6784. 95 — 3d; 5 3 — 4d [214]; 6784. cited 

14762. 83 25 6771.90 6772. 0: — 3d; 5 eh —4d[214]3 6772 interp 
14765. 64 6770.62 6770. 3: 5p (114h—6s [114]; 6770. 6 the re 
14961. 76 6681.86 6681. 56 4d [11g h 6681.8 presen 
14973. 74 6676, 52 bie _ - 6p [Ol], 6676. 4: classil 
15005. 57 25 6662.36 6661. 44), —Gs [1gk 6662. report 
15209, *2 42 6573.02 6573. 35 PN — 3d; s — 4d (214 ]5 6573. of ti 


See footnote at end of table. 











Wave number observed 








Observed 
iInten- 


Humphreys = Sittner 
sity ‘ 


and and Meggers 
Kost kowski Peck 








cm ! cm~' cm! 
) S5 900 6559. 94 6560. 05 
391, 87 35 6522.69 6522. 53 
1 a» S50 6519. 11 6519. 19 
5371. 89 350 6503. 58 6503. 09 


6477. 57 






5 2 ma] 6460. } 
6; is 7 63904. 15 6394. 20 
680. 04 75 6375. 41 6375. 59 
771. 44 l 6338. 83 
| 35 6319. 33 6319 








6318. O1 








890. 52 25 6291. 32 6290. 53 

025. 64 6 6277. 45 

6052. 3 2 6227. 91 6227. 31 
3 6205. 82 





5 2 6127. 42 6127. 23 
16347. 31 5 6115. 53 
16465. 29 15 6071. 70 
6573. 10 16 6032. 21 6032. 59 
*16726. 48 70 5976. 46 





5956. 05 


6853. 45 iSO 5931. 86 5931. 86 
16800. 40 1000 59S. 89 5YLS. 95 
16806, 5S 700 5916. 72 5916. 75 
16035. 71 SOO 5903. 05 5903. 06 


16094, 36 10 5882. 68 
17070. O4 10 5856. 60 
17098. 76 300 5846. 76 5846. 91 
7230. 21 10 5802. 15 
17367. 98 360 5756. 13 5756. 36 


17404. 67 32 5743. 99 5744. 15 
17616. 57 37 5674. 90 5674. 22 
7639. 4 } 5670. 44 
7770. 21 4 5625. S4 
7342. 70 270 5602. 98 5602. 97 


18001. 71 100 5553. 49 5553. 34 
18098, 46 10 5523. 80 5523. 50 
IS167. 12 1500 5502. 02 5502. 93 
ISIS4. 43 15 5497. 69 5497. 57 
IS{18, 82 i 5427. 72 


IS5S1. 19 30 5380. 20 5380. 45 
18605. 91 62 5347. 28 5346. 76 
IS7TS5. 45 37 5321. 79 5321. 61 
18787. 73 10 5321. 15 

18797. 59 10 5318. 36 5317. 88 


ilated wavelength used as a comparison standard, 






revealed all of the krypton spectrum that can be ex- 
cited in this type of source. The description and 
interpretation of the observed krypton spectrum in 
the region investigated is displayed in table 6, which 


classified. Ineluded in this number are 36 lines not 
reported by Sittner and Peck. About three-fourths 
of these are weak lines scattered throughout the re- 


TABLE 6. Description of Kri in the infrared region—Continued 


















presents the data on 98 krypton lines, all of which are | 












Term combination 





Wave num- 

ber calcu- 

lated, Edlén 
tacah notation levels 
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2 ps 3d; 5p [2'4] 4d [214] 6560. 04 
<= Ps 3d, Sp {1! >| td (1! oli 6522. SS 
2p) 3d Sp {ol 6] td {it 9 | 6519. 27 
2p 28; 5p [Lloh — Gs [144] 6503. 53 
2p tid, Sp’ | 1! 6) jd [Obs > |i 6477. 56 

bs ys 6460. 68 
2s V1 6s [LMo}s—4f [2%] 6393. 99 
3, ty id [L4ohi—4f [2h 6375. 40 
285 17 6s [L4oh—4f [Leb 6338. 71 
: j 9 6| 6319. 36 





























6] | 6318. 24 
2p, 2s 5p’ [04h — 6s" [0%o]j 6201. 26 
3d 3p id [Ol6)i— 6p [Loh 6277. 42 
3s 3pr id [O%6]j Op {1} $hi 6228. 28 
2 ps hd; op [14], — Sd [Oho ]} 6205. 88 





6127. 59 





_ 
te 





bs 6) f 6) 
3d 3Pr0 id [OL4])i — 6p [04], 6115. 69 
284 17 6s [LYehi—4f [144] 6071. 55 
2p) 38) 5p'[0M%)o— 4d’[1 4 )i 6032. 24 
Is Di 5s’ 1014) — 5p [014], 5976. 90 















2p 3d) hp [14] 4d [214 }5 5956. 05 
2ps 3d, 5p {2 | td [31 \% 5931. 88 
2 ps 3d, 5p [24] id [3%o|h SOULS. 9O 
2p. 3d 5p [(O'4), — 4d [OM)j 5916. 69 
2p; 3d; 5p [1 4), — 4d [244] 5903. 03 


















2p td. 5p'|o! 6|,— 5d [Ole 5882. 65 
2p2 tds 5p’[ 1 Meh, 5d (0M 3h 5856. 63 

2p, a 5p’| 1), — 4d’[2! %\s 5846. 74 
3d; —3pw td [OLS]; — bp [OM], 5802. 00 
2p, _—" 5p’[ lek id’(2Vo)]s 5756. 27 






















2ps 3d, 5p [I Mah— 4d’ (14h 5744. OS 
3d 3s id [14ohs—6p[1! al: 5674. 84 
2s 38; 5p’{1} 4 td’ 1b 5670. 40 
3d; 3pr > td {11 6 |S 6p {it 37 5625. 70 
2)}10 3s 5p [O04], — 4d [Olay 5603. 00 
2ps 3d: 5p [Ole 2 : {1 l6)i 5553. 36 

Ps _— op Nore d’ (21433 5523. 51 
2p 3d, 5p [2] ‘ 3% li 5502. 05 
2p 3s; 5p’|144)— 4d" |2 21, 21 3 5497. 49 
3d; 3po 4d (1445 —6p [2%), 5427. 87 






















2ps 3d; 5p (2%)},— 4d [1 hs 5380. 40 
2ps3 3s)’ 5p’ (Ol), — 4d’T1 43s 5347. 17 
le —2ee 5s’[014 hi — Sp (014), 5321. 81 
2p2 3s) 5p'[1 4h — 4d’ [Loh 5321. 15 
3d, 3s 4d (314), — 6p[2\} 5318. 30 











| gion, but nine lines between 13600 and 14000 A are 
among the most intense in the infrared krypton spec- 
trum and may have been omitted inadvertently from 
the description by Sittner and Peck. <A portion of a 
record showing this group of lines is displayed in fig- 
| ure 3. This was a survey record run with relatively 
| wide slits in order to reveal as many of the faint lines 
| as possible. The peaks of many of the intense lines 
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Ficure 3. 





are cut off, because the deflections are off ¢! 
the recorder. 

Edlén’s revisions of the table of levels by 
and Humphreys [4] and listing of additio; 
are the basis of the entries on Art in [16 
changes are relatively few in number, em, 
the fact that this analysis has long been re: 
essentially complete. The levels to which +! 
nations 2s, and 3s, were formerly assigned hay, 
been interchanged. A similar switch has been mac, 
with 3s, and 3s,"". These changes should be take; 
into account in comparing Sittner and Peck’s class) 
fications with ours. The Edlén manuscript also sup 
lied a complete set of values of the levels represen 
ing the first members of the various series orivinatiy, 
in the 4/ configuration, except that the double; 
structure of the level designated 4W or 4/(3 44), , » 
mained unresolved; a computed value only was pro 
posed for one component of the 4U doublet, namely 
4/[414],; and only three of the four possible 4/-levels 
converging to the higher ion limit p®@P)..) wor 
proposed. The experimental confirmation of the 4| 
and 4W by Humphreys and Plyler [2], has beep 
mentioned. The new compilation of levels of Ky 
also includes the previously missing 28.  Edjéy 
listed two choices, but it was noted that one of Sittner 
and Peck’s intense unclassified lines, »=7494.87 
em~', could be interpreted as 2p,—28s, if the level 
of absolute value 7823.56 were adopted as 2s,. Fur. 
ther confirmation is found in the classification of 
the moderately intense line, »=7172.08 em™'!, as 
2p;-2s,. Two of the remaining intense lines reported 
without classification by Sittner and Peck are as 
signed to transitions involving 4f-levels of the famil; 
converging to the higher limit. These are », 8113.83 
cm~', classified in pair-coupling notation 4d‘{1 44), 
4f"[2%),, and v, 7676.47 em~', classified 4d’/214), 
4f’[3 M4), 4. Sittner and Peck listed two other intense 
krypton lines without classification, v, 7578.37 em 
which we have been unable to reproduce with our 
sources, and yv, 5982.33 em™', which seems almost 
certainly to be the third order of the intense visib); 
line, 4, 5570.29 A. Of the two values of the pai 
4U, or 4/[414|,; proposed by Edlén, the one with 
J-value 4 was bracketed indicating a predicted value 
The pair separation is given as 0.20 em~'. The on) 
possibility of a combination of both levels of the 
pair with a common level is that involving the leve! 
3d, or 4d|31%), vielding the line, v, 8191.52 em”! 
No structure has been observed, but a resolving 
power of over 40000 would be required to split this 
doublet, something beyond what we have obtained 
in any clearly demonstrable case. It is probable 
that most of the energy in this line is accounted for 
by the transition 4d[3 44];—4/|4%4],. All other com- 
binations of this 4U pair involve the level J=4 
uniquely owing to the AJ selection rule. 

Evidence, principally from the measured wave- 
length of the intense line representing the combina- 
tion, 4d[3 44]; —4/[44],, for which we give \12879.00 
indicates that Edlén’s estimated absolute value for 
4f[4%4),, namely, 6925.92 cm=', is too small. The 
observed value, obtained by averaging our measured 
result with that of Sittner and Peck, is 6926.10, 
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level indistinguishable from 4/[4 4}. 
ted in [10], with the ground level=0, 
would become 105989.60 cm™. The 
of closest separation that we have actually 
, combinations with a common level is 

i/[2 Vo s, represented by the wave numbers 
nd 8333.07 em. The observed separa- 
5 cm™! as compared with the calculated, 
ihe actual observation of this pair is 
difficult on account of the great disparity 
ties of the components. The pair of 
aration in this 4/ group, 4X and 4Z or 
‘occurs in easily observable combinations 
vith a common level. The best example is the 
pair of wave numbers 8879.23 and 8880.35 reported 
}y Meggers and Humphreys [3,4] and also demon- 
‘able by radiometric techniques. So far there is 
yo clue to the magnitude of the splitting of 4W, and 
the missing level 4f’[3%4], has not been found unless 
it is unresolved with respect to 4/’[3%];. Otherwise, 
the level structure of Kri may be considered 
complete. 


nM ntel 
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4.5. Xenon 


The observations on xenon were less extensive 
than on any of the other four noble gases because 
both preliminary recordings and study of the level 
scheme had revealed that there was little possibility 
of adding significantly to the existing observational 
material. A small number of records were made 
in order that some material on all the noble gas 
spectra might be included in the current survey. 


TABLE 7. 


Observed Wave number observed 
wave length 
in air, 
Humphreys 
and 
Kostkowski 


| Obeerv- | oe 
ed 


intensity Humph- 


reys and 
Kostkowski 


Sittner 
and Peck Meggers 


cm; cm 
8514. 8514. 
8477. 8476. 
8431. 8431. 
8392. 8392. 
8364. 8363. 


8272. 5 8272. 
8170. 8170. 
8155. 8155. 
8029. 8028. 
7940. 6 7940. 


em, 
8513. 92 
8476. 89 
8431. 31 
8392. 53 
8363. 81 


8272. 60 
8170. 88 
8155. 83 


A 
11742. 
11793. 
11857. 
11911. 
11952. £ 


12084. 
12235. 
12258. 
12451. 
12590. 


7919. 
7320. 


7068. 
7020. 


7919. 
7381. 
7320. 
7069. 
7019. 


12623. ¢ 
13543. 
13656. 
14142. 
14241. ; 


7919. 6 


6959. 
6819. 
6785. 
6484. 
6227. 


5976. 


6959. 
6819. 
6785. § 
6484. 
6228. 


5976. 5 


14364. { 
l $659. 
14732. ; 
15418, 
16052. 


16727. 5 





The results are presented in table 7, which is organ- 
ized in the same fashion as the corresponding tables 
5 and 6 for argon and krypton. These observations 
cover the same region as those of Sittner and Peck, 
and their classifications are repeated without revision 
for lines common to both lists. 

The principal reason for the relative paucity of 
xenon lines in the 1.2— to 1.8—micron region is that 
the 2p and 3d levels fall in much the same range of 
numerical values, with the result that the 2p—3d 
combinations, that are responsible for many of the 
intense analogous lines in argon and_ krypton, 
represent wavelengths much deeper in the infrared 
and out of range of observation with lead-sulfide 
detectors. For instance, the position of the expected 
most intense combination in this group, 2p.—3dj, 
is predicted at 1793.6 cm~'. Most of the possible 
3d—4f combinations have been observed photograph- 
cally. Of the f-type levels, only those of the family 
converging to the ?P%.; ion limit have been found. 
Owing to the extremely wide separation of the series 
limits, the first members of the f-series converging 
to ?P%¢ are above the first ionization limit. 

The only noteworthy changes in the Xe1 level 
scheme made by Edlén since the last publication of 
this array [5] have been to change the designation 
of the level at 4215.65 from 2s, to 3s{, to supply level 
values for 2s, and 2s;, and to separate the series 
formerly designated W, into two according to the 
Racah scheme. The first pair of this series 4/[3 4], , 
has a separation of 0.10 cm™! on the basis of pre- 
viously existing photographic data. Discrimination 


Description of Xe 1 in the infrared region 


Term combination 
Wave num- 
ber calcu- 
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Paschen 


notation Racah notation 


8513. 
8476. 
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8363. 
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between levels this close is bevond the precision of the 
current observations. 

The complete status of the level scheme of Xe 1 
makes it unnecessary to consider further observations 
in order to improve the analysis. Future availabil- 


ity of photoconductors sensitive to energy of greater 
wavelengths, possibly as far as 7 microns would still 
make Xe an attractive subject for study owing to 
the existence of several predicted lines of probable 
high intensity that might be useful as wavelength 


standards 


5. Conclusion 


Observation and interpretation of the noble gas 
spectra over a period of over thirty vears have led to 
the essentially complete analysis of the spectra of 
these gases. One of the most interesting features of 
this work is that it has been made possible largely 
by the development of techniques for observing in 
the infrared region by either photographic or radio- 
metric methods. The noble gases have provided 
some of the best sources of standard wavelengths. 
The possibility of extending the range of highly 
precise observations farther into the infrared region 
by combining interferometric with radiometric meth- 
ods still constitutes an attractive challenge. 


Several members of the staff of the Bureau’s Radi- 
ometry Laboratory, have given valuable assistance in 
bringing this work to completion. In particular, 
Arthur J. Cussen and Joseph J. Ball contributed to 


the operation and maintenance of the ele: 
struments used with the photoconductiy, 
Marshall E. Anderson assisted in obts 
reducing the records. It is a pleasure to 
each of them appreciation for his cont; 
the work. 
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Research Paper 2346 


Viscometric Study of the Micelles of Sodium 
Dodecy] Sulfate in Dilute Solutions 


Lawrence M. Kushner, Blanton C. Duncan, and James I. Hoffman 


The viscosities of solutions of sodium dodecy! sulfate of concentrations up to 0.8 pereent 


in distilled water and in 0.01- to 0.12-M sodium chloride have been measured 
ing the concept of a monomer saturation concentration it 
intrinsic viscosity of the micelles at each concentration of sodium chloride. 
the experimental determination of the monomer saturation concentration is presented 
salt concentration is discussed in terms of 
The data indicate the presence of spherica! micelles 


dependence of the 
electroviscous and hydration effects. 
in the solutions investigated. 


l. Introduction 


he early experiments of Krafft [1]! and 
2} on soap solutions, and the subsequent 
ition of their results in terms of the existence 
es in such solutions, many researches [3, 4] 
been undertaken to investigate the size and 
of these particles. It is now generally as- 
ed that there are at least two types of micelles. 
he concentration range between the onset of 
elle formation (about 0.1 to 0.25 percent by 
cht) and about 1 to 2 percent, a small, highly 
ged and highly conducting micelle is thought 
vexist. This type of micelle has been discussed 
some length by Hartley [5, 6]. He considered 
mas spheres, but there has been no general agree- 
nt on their shape. A large micelle, having a 
wture discernible by X-ray diffraction, exists at 
cher concentrations (about 10 percent or greater). 
ev have been discussed and investigated by 
\leBain {2}, Hess [7], Philippoff [8], and others [9]. 
Harkins [10] and his coworkers interpret their later 
\-ray diffraction data for concentrated solutions in 
rms of cylindrical micelles. Brady [11], however, 
lizing a treatment considered by Corrin [12], 
erprets his data for concentrated sodium dodecyl 
sulfate solutions in terms of a radial distribution of 
spherical micelles. Recent light-scattering investi- 
rations by Debve [13] indicate that in the presence 
{ high concentrations of electrolyte, the micelles of 
hexadecyl trimethyl ammonium bromide are rod- 
ke 
The purpose of this research was to investigate the 
iscometrie behavior of dilute solutions of a pure, 
well-defined detergent, sodium dodecyl sulfate. 
Detergent concentrations up to 0.8 percent by 
weight were used. Distilled water and 0.01 to 0.12 
M sodium chloride solutions were used as solvents. 


2. Materials 


The sodium dodecyl sulfate was synthesized, as 
described by Shedlovsky [14], from a vacuum-distilled 
sample of n-dodeeyl aleohol. The chlorosulfonic 
acid used in the synthesis was distilled immediately 
vefore use. All other reagents used in the synthesis 
and subsequent purification conformed with Ameri- 


Fig n brackets indicate literature references at the end of this paper. 


intrinsic viscosity on the 


| solution. 


| temperature. 





By introduc- 
is possible to determine the 
A method for 
The 


can Chemical Society specifications. Prior to mak- 
ing up solutions for the measurements, the detergent 
was extracted with diethyl ether for about 8 hr in a 
Soxhlet extractor 

After a measurement, the detergent was recovered 
from solution in the following manner: The solution 
was evaporated to dryness and the residue taken up 
in ethyl alcohol. The alcohol solution was filtered 
and evaporated to dryness. This residue was then 
taken up in water and erystallized. Finally, the 
crystals were extracted with ether. 


3. Experimental Details 
3.1. Viscosity 


a. Efflux Times 


The efflux times of all solutions were determined 
in modified Ostwald viscometers, which gave flow 
times of approximately 200 sec for water at 28° C. 
Absolute viscosities were calculated by means of the 
standard two-constant equation 


(1) 


n=<Apt, +=? 


| The constants A and B were determined from experi- 


ments with distilled water at three temperatures. 
The absolute viscosity of water at 20° C was taken 
to be 1.002 centipoise [15]. p is the density of the 
t. is the efflux time corrected for surface- 
effects and for variations in the filling 
The surface-tension correction, arising 
from the difference of shape of the meniscus of the 
solution in the upper and lower bulbs of the vis- 
cometer, is treated as a time-averaged head correc- 
tion. The filling-temperature correction is also 
treated as a head correction. The equation for 
i. then takes the form 


tension 


Ah, 


a (1+ ; Ate), 


Mar 


where ¢, is ‘the observed efflux time. Ah, and 
Ah, represent the change in the effective head 
arising from surface tension effects and variations 
in filling temperature respectively. A is the mean 








head during a run in the absence of such corrections. 
In the viscometers used AA,/h is about 1.4 percent 
for a liquid of y=70 dynes/em. Ahj,/h exceeds | 
part per 10 thousand only when the difference be- 
tween the filling and measuring temperatures is 
5 deg or more. The calibration of capillary visco- 
meters has been discussed fully by Barr [16]. 

A water bath whose temperature was maintained 
at 23.00° C was used for all measurements of efflux 
time and density. The reproducibility of the tem- 
perature setting of the bath from day to day was 
well within 0.003° C. During the course of any 
single measurement the mean temperature of the 
bath did not vary by more than 0.0015° C. 

Timing was accomplished manually with a 60- 
eyele synchronous clock powered by an amplified 
constant-frequency 60-cyele signal. The average 
deviation from the mean of five determinations on 
the same solution was rarely more than 0.03 sec. 


b. Surface Tension 


The surface tension of each solution was deter- 
mined with a conventional ring-type interfacial 
tensiometer. An accuracy of 1 dyne/em was suffi- 
cient for the purposes of this research. 


c. Density 


All density measurements were made in picno- 
meters similar to those described by Wright and 
Tartar [17]. The modified picnometers used by 
the authors held approximately 50 g of solution, 
thus making it a simple task to obtain densities 
with a precision of 2 parts per 100 thousand. Exam- 
ination of these data shows that the densities of 
the solutions as a function of concentration above 
the region of micelle formation are best represented 
by straight lines of equal slopes. Below this region, 
not enough data were obtained to define the shape 
of the curve. 

Table 1 lists the experimentally determined vis- 
cosities and densities. 


3.2 Determination of the Monomer Saturation 
Concentration 


Modern treatments of the problem of the vis- 
cosity of suspensions of large particles lead to an 
expression of the following type 


(want) =K+De¢. (2) 


K is a constant related to the shape of the particles. 
It is equal to 2.5 for spheres. D is a constant 
related to those interactions in the suspension that 
give rise to disturbing hydrodynamic effects. ¢ 
is the volume fraction of the suspended particles, 
and m,-.: is the viscosity of the solution relative to 
the viscosity of the suspending medium. It is 
usually more convenient to express the concentra- 
tion of suspended particles in grams per deciliter 
of solution rather than in volume fractions. In 





this case 
( Nrei— l ) 


- In] +D’e, 


where [n] is the intrinsic viscosity and 4s 4) 

units deciliters per gram. It is related K be 

the expression ’ 
K 


l= F000" 


d is the density of the suspended partic|; 

If one wishes to apply eq 3 to the viscosity oy 
detergent solutions with the hope of determinins 
the intrinsic viscosity of the micelles, two problem. 
must be considered. The first is that ¢ must pefo 
to the concentration of micelles, rather than to total 
detergent in solution. Second, 9,4 is then the yis. 
cosity of the micelle solution relative to that of som» 
arbitrary concentration of detergent, above which 


TABLE 1. Viscosity of sodium dodecyl sulfate in water oy, 


sodium chloride solutions (23°C) 


| Density Gee Case 
Water 


9/109 ml 9/100 ml 


6.00 


0.01 N NaCl 


0. 9395 0. 00 
. O41 . 096 
- 9495 . 196 
. 9554 . 296 
. 9619 . 396 
. 9687 496 


0.02 N NaCl 


See footnotes at end of table. 
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cperimental viscosity, in centipoise 
viscosity taken from best smooth curve representing the dependence 
yncentration. 
total concentration of detergent) —(monomer saturation concentration 
scosity of solution/viscosity at monomer saturation concentration, 
s being obtained from a smooth curve (see footnote 2) 
s Monomer saturation concentration 
tes the intrinsic viscosity in deciliters per gram 


ale 


t can be safely assumed that essentially all added 
detergent becomes micelles. This concentration 
shall be referred to as the monomer saturation con- 
entration and is given the symbol ¢,. The concen- 
tration of detergent present as micelles ¢,,, at a total 
detergent concentration ¢, is then very nearly e—c,. 

Consideration of the equilibrium between deter- 
gent molecules or ions and their micelles [3, 18] shows 
that the concentration range in which the fraction 
of added detergent going into micelles changes from 
(to | depends on n, the number of detergent mole- 
cules per micelle. For n less than 100, as previous 
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Figure 1. Typical plots of the absorbance (—log T) versus 
concentration of sodium dodecyl sulfate. 


The concentration of toluidene blue is 6.001 g/dl. The point D occurs at the 


monomer Saturation concentration 

sulfate, the monomer saturation concentration can- 
not be identified with the critical micelle concen- 
tration as defined by Debye [18]. Further, as a 
number of the published experimental methods for 
the determination of the critical micelle concentra- 
tion vield results indicative of the concentration at 
which micelles begin to form (that is, even below 
Debye’s critical micelle concentration), this identi- 
fication would be less justified. 

The method devised for estimating the monomer 
saturation concentration is based on the experi- 
ments of Corrin and Harkins [20] and Michaelis [19]. 
Michaelis observed that the absorption of toluidene 
blue at 630 mu is markedly affected by the presence 
of colloidal materials, among these being the micelles 
of sodium oleate and Aerosol 22. Typical plots of 
absorbance (— log 7’), at constant concentration of 
toluidene blue, as a function of concentration of 
sodium dodecyl sulfate are shown in figure 1. The 
absorbance in region A, in which no micelles are 
present, is sensibly a constant. In region B, the 
absorbance undergoes a marked change. In region 
C, in which micelles are known to be present, the 
absorbance is once more almost constant. 

That region B is the region of micelle formation is 
evident from the following considerations. Let N, 


investigations [18] have indicated for sodium dodecyl | be the number of dye molecules per unit volume of 
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Figure 2. A(c,/c)/Ae versus c as obtained from calculations 
of Debye for the case n=65, and the observed A(—log T)/A 
c versus ¢ 


Hollow circles represent 4(—log T)/4¢ versus concentration of sodium dodecyl! 
sulfate in distilled water. Black circles indicate A(¢a/c) 4 ¢ versus ¢. 


solution, .V,,/No the fraction of dve molecules associ- 
ated with micelles, and .V,/.No the fraction not associ- 
ated with micelles. Assuming that an equilibrium 


exists between dve molecules associated with micelles 


and those not, .V,,/Np should be a function of ¢,/e. 
The observed behavior of the absorbance during a 
dilution, at constant dye concentration, can then be 
represented by an equation of the form 

if " 


log T=k wit 4 N. . 5) 
When When 
N,/No=1., 


N,/N,o=0, —log T=k 
log T=k’ (region (). 


(region A). 


change arising from the rapid change of ¢,,/¢ in the 
region of micelle formation. 

Figure 2 shows a plot of A (¢,,/¢)/A ¢ versus ¢ as 
obtained from calculations of Debye [18] for the case 
n=65, and the observed A(—log 7)/Ac versus ec. 


The similarity in the general nature of the curves | 
strongly indicates that a close relationship exists | 


between the observed absorbance and e,,/c. 
All of the transmission data were obtained with a 


Coleman model No. 2 Universal “ aggpe ge erosion 
arrived at substantially the same equation, which 


volume of detergent 
twice the critical 


set at 630 mg. A known 
solution of concentration about 


micelle concentration, and containing 0.001 g/dl of | 


toluidene blue was placed in a Nessler tube, which 
fit into the cell carriage of the spectrophotometer. 
Dilutions were made by adding known volumes of 
distilled water or the appropriate sodium chloride 


solution; they too contained 0.001 g/dl of toluidene | 


blue. After each addition of diluent the solution 
was stirred and a transmission measurement made. 

The identification of the concentration at point D 
of figure 1 with the monomer saturation concentration 
would appear to be justified in the light of the fol- 
lowing qualitative considerations. 


| viscous effect 


As dilution oe- | 


curs in region C, the absorbance decreas: ight 
indicating a slight decrease in the ratio N, "Ty 
is associated with the decrease in ¢,,/¢ th 
simply as a dilution effect in the region 
micelle formation. However, at point D, ¢ 
to decrease much faster than can be attri) ited | 
dilution only. This must then correspon: to the 
upper limit of the region of micelle formation. | 
the region of micelle formation is defined as jos... 
that in which the fraction of added detergey; o,;, 
into micelles goes from 0 to 1, then it is apparent thy: 
D is at the monomer saturation concentration Th 
point D, at each sodium chloride concentratin; 
was visually estimated from a plot similar to tho. 
shown in figure 1. It was taken as that concenty,. 
tion at which, on dilution, the curve begins to deyiy:, 
from linearity. Choosing a monomer saturation coy. 
centration significantly lower than D results jn ».. 
duced specific viscosity, (7,.—1)/c), versus concentry. 
tion of micelle curves that deviate markedly fron jin... 
arity at low concentrations. Choosing a monom, 
saturation concentration moderately higher than |) 
causes a negligible change in the intrinsic viseosi, 
The critical micelle concentrations of sodium doder 
sulfate as obtained by Corrin and Harkins {20) 4; 
various sodium chloride concentrations fall approxi- 
mately in the center of the regions of micelle forma. 
tion as determined by this method. The estimate, 
monomer saturation concentrations C, are indicate 


in table 1. 
4. Discussion 


The viscosities of sodium dodecyl! sulfate solutions 
relative to the monomer saturation concentratio) 
(n..) are shown graphically in figure 3. It is to | 


ine i 
abo 


beg ! 


_ observed that, at least up to 0.12 N, the presence of 


added neutral electrolyte lowers the relative vis- 


n | cosity curve, the effect becoming smaller with eacl 
Region B is | 
then that in which V,,/Ny goes from 0 to 1, this | 


addition. The reduced specific viscosities, ,.—1 ( 
are shown in figure 4. The intrinsic  viseosit) 
of the micelles in water is 0.065 dl/g. However, i: 
solvents of increasing salt concentration, it decreases 
to a limiting value of slightly less than 0.035 dl ¢ 
This trend is shown in figure 5. 

The existence of a charge on the kinetic units i 
these solutions eliminates the possibility of inter- 
preting these data solely as a decrease in the avia! 
ratio of the micelles. The viscosity of dilute solu- 
tions of charged spheres has been treated by 
Smoluchowski [21] and Krasny-Ergen [22]. Both 


predicts that the electroviscous effect can be mad: 
vanishingly small by the addition of neutral electro- 
lyte to the solution. The contribution of the electro- 
is such as to increase the relative 
viscosity of the solutions, thus resulting in a larger 
intrinsic viscosity than would be measured in the 
absence of any charge effects. Figures 3, 4, and 5 
can be satisfactorily interpreted from this point o! 
view, the limiting value of the intrinsic viscosity 
being that for the micelle when the electroviscous 
effect has become negligibly small. 

It is also possible to interpret such data, at leas! 
qualitatively, from the point of view of a desolvation 
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Relative viscosities of solutions of sodium dodecyl 
n distilled water and aqueous sodium chloride as a 
tion of Cm. 


nt, the viscosities are relative to the monomer saturation concen 


process [23]. Such an approach is particularly ap- 
propriate to the consideration of aqueous solutions 
{ micelles that have a lyophilic surface. Experi- 
ments of MeBain [24] have shown that potassium 
jaurate molecules are hydrated to the extent of about 

) molecules of water per soap molecule. Presum- 
ably then the micelle, too, could be hydrated. If 
ihe micelle is hydrated, thus increasing its kinetic 

olume and intrinsic viscosity, then the addition of 
neutral electrolyte would tend to dehydrate the 
micelle until some limiting volume is reached corre- 
sponding to a dehydrated micelle. 

From either the charge or solvation considerations, 
the limiting value of the intrinsic viscosity, as the 
eeetrolyte concentration is increased, should be 
determined by the nature of the micelle exclusive of 
such effects. It remains to consider the significance 
ofa limiting value of the intrinsic viscosity of slightly 
less than 0.035 dl/g. 

From eq 4, it is seen that the intrinsic viscosity of 
rigid, noninteracting spheres whose density is unity, 
is equal to 0.025 dl/g. Since most of the volume of 
any shape of micelle proposed for sodium dodecyl 
sulfate is occupied by dodeeyl chains in a liquid-like 
array, it is reasonable to assume that the density of 
the micelle should be fairly close to that of liquid 
dodecane, approximately 0.75 at 20° C.  Substitu- 
tion of this value for d in eq 4 gives [n]=0.033 dl/g 
lor spherical micelles. This is to be compared with 
the limiting value of 0.035 dl/g that has been obtained 
in these experiments. 

Admittedly this close agreement between the 
observed and theoretical intrinsic viscosity rests on 
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Fiaure 4. Reduced specific viscosities of sodium dodecyl 


sulfate solutions as a function of Cm 
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Figure 5. Dependence of the intrinsic viscosity of sodium 
dodecyl sulfate micelles on concentration of sodium chloride. 


The broken line represents the calculated limiting value for spherical micelles, 
0.033 dig. 


the assumption that the density of the micelles is 


0.75. However, additional evidence for the existence 
of spherical micelles in these solutions is to be 
obtained from the data. Previous work [18, 13] has 
indicated that as electrolyte is added to micellar 
solutions, not only does the region of micelle forma- 
tion shift to lower concentrations, but the molecular 
weight of the micelles increases. If this actually 
occurs, and the micelles herein considered are rods 
or evlinders having a constant thickness as has been 
proposed for other detergents, then the axial ratio 
of the micelles must increase with increasing salt 
concentration. Such behavior would be evidenced 
by a corresponding increase in the intrinsic viscosity. 
This has not been observed. 

In conclusion, it is necessary to point out that the 
assignment of spherical shape to the micelles of 
sodium dodecyl sulfate has been made on the basis 
of viscometric data. It is possible that other 
experimental techniques may favor a different inter- 





pretation. Further, the interpretation presented 
here does not imply the micelles of all detergents are 
spherical. 
have a very simple structure and shape. However, 
different detergent molecules may find it sterically 
or energetically impossible to agglomerate into 
spherical clusters. It must also be remembered that 
the data considered in this paper were all obtained 
from solutions no more concentrated than 0.8 per- 
cent in detergent and 0.12 N in sodium chloride. An 
extension of these results to systems having signifi- 
cantly higher concentrations of either would prob- 
ably be unjustified. Factors other than those 
considered here would surely come into play. It 
might, for instance, be energetically more favorable 
for a large number of small, spherical micelles, close 
enough for their gegenion clouds to overlap, to 
coalesce with the formation of a few larger micelles 
which would probably not be spherical. However, 
Brady [11] is able to interpret his X-ray diffraction 
data for 14.71 and 29.42 percent sodium dodecyl 
sulfate solutions by utilizing the concept of small, 
spherical micelles. 
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Absorption Spectrum of Water Vapor Between 
4.5 and 13 Microns'’ 


W. S. Benedict,’ H. H. Claassen,’ and J. H. Shaw‘ 


The absorption spectrum of water vapor has been measured from 4.5 to 13 microns with 


a 3,600 line per inch replica echelette grating as the dispersing element 


\ arious absorbing 


path lengths and concentrations of water vapor at atmospheric pressure were used up to 8 


meters of steam near 110° C. 


found are also present in the solar spectrum. 


Almost all of the previously unreported lines that have been 


\ rotational analysis shows that most of the 


lines can be assigned either to rotational transitions or to rotation-vibration transitions of 


the ». fundamental of the water-vapor molecule. 


assigned to the transitions (2v.—v), ( 


1. Introduction 


Investigations of the infrared spectrum of sunlight 
wiween 7 and 13 yw have shown that essentially 
| the strueture is due to absorption by polvatomic 
yes that are in the earth’s atmosphere. In addi- 

to the known bands of ozone, carbon dioxide, 
er Vapor, nitrous oxide, and methane that have 
wen identified in this region, there is also a large 
wmber of irregularly spaced absorption lines. 
ome of these lines are very strong. In solar spectra 
aken at Columbus, it has been observed that most 
f their intensities are dependent on the amount of 
pater Vapor in the atmosphere. One of us (W.S.B.) 
ad previously found that many of these lines ob- 
erved in the grating map of the solar spectrum 
iblished by Adel [1]* could be predicted from the 
nown energy levels of the water-vapor molecule. 
i positive identification of these lines, 

was thought desirable to observe them in a 
jboratory spectrum. If these lines are due to 
iter vapor, most of them must originate from the 
rotational energy levels of the molecule, 
i have a low population at room temperature. 
in order to observe them in the laboratory, 
n absorbing laver giving an optical path length 
pproaching that of the water vapor in the atmos- 
here is required. In this work a long path length 
as obtained by using a multiple-reflection cell 
imilar to that described by J. U. White [2]. From 
his laboratory spectrum it has been possible to 
lentify many lines in the solar spectrum with water- 
apor lines and also to evaluate rotational energy 
of the »v. band and of the pure-rotation 
wad, which are in good agreement with levels 
erived from other observations. 


‘o obtain 3 


igher 


whicl 


vels 


p. Apparatus and Experimental Procedure 


The absorption cell used in this investigation is 
hown schematically in figure 1. It consists of a 
urge cast-aluminum tank wound with heating coils 
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In addition, a few lines have also been 


and (9, v2 

and covered with a laver of asbestos for insulation. 
One end is held ia place by bolts and can be com- 
pletely removed for adjusting the optical system. 
Three spherical mirrors, each of 100-cm radius of 
curvature, are used in the optical system. Mirror 
M, is fixed, but an external control is provided for 
varving the inclination of the optic axes of mirrors 
M, and M,. By means of this adjustment the path 
length of radiation passing through the cell can be 
changed in steps of4m. Figure | shows the arrange- 
ment for a path length of 8 m. 

Rocksalt windows could not be used in this inves- 
tigation, and it was found that silver-chloride win- 
dows reduced the energy very considerably. Satis 
factory results were obtained by placing the Nernst 
filament, used as a source, inside the cell near mirror 
M, and leaving the exit window open. Radiation 
was reflected out of the cell and through this window 
by a small plane mirror. 

Before introducing the steam, the cell was heated 
to 110° C to prevent condensation on the mirrors. 
The cell was filled with steam by displacement. 
When running spectra, a continuous stream of vapor 
from a gently boiling flask of distilled water entered 
at one ead and escaped through the exit window. 

For mapping regions of high absorption, air was 
allowed to enter the cell until a suitable concentration 
of water vapor was obtained. Near the center of 
the » fundamental the atmospheric water vapor in 
the spectrometer alone was sufficient to produce 
very intense absorptions. The region from to 
6.7 w has been previously mapped by H. H. Nielsen 
[3] with very high resolution and with small amounts 
of water vapor. The present workers were unable 
to improve upon these results, and this region has not 
been remeasured. In the solar spectrum no energy 
is observed between 5.5 and uw at Columbus 
during most of the vear. 

The spectrometer with which these measurements 
were made has already been described [4]. For this 
work a 3,600 line/in replica echelette grating (width 
5.5 im., height 3.5 in.) was used, together with a 
Perkin-Elmer thermocouple (rated sensitivity 8 v/w) 
detector and their 13 ¢/s chopping system and 
amplifier. All spectra were recorded in the first 
order of the grating. Portions of the spectrum at 
short wavelengths were also scanned in the second 
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Ficure 1. Multiple reflection cell. 


order, but no improvement in the resolution was 
found. 

After the spectrum of the 8-m path of water vapor 
had been obtained, the entire region was scanned 
by using the atmospheric path in the spectrometer 
alone. In this background spectrum, a line was 
found at 791 em~', which agrees in position with 
the Q-branch of a band of carbon dioxide. It 
very weak in the laboratory spectrum and is prob- 
ably caused by the carbon dioxide in the air path 
of the spectrometer. 

To obtain the spectrum, small portions, corre- 
sponding to the rotation through | deg of the grating 
circle, were scanned. The rocksalt foreprism was 
adjusted for maximum energy in the middle of each 
degree, which was then run at least twice in each 
direction. Fiduciary marks were made on the chart 
paper by a mechanical trigger device operated by 
an observer viewing coincidences of the grating circle 
markings with a graduated scale in the eyepiece of 
a microscope. 
to the position of the grating for zero-order diffraction 
was measured during each day’s work, in both di- 
rections. It was found to vary a few seconds of 
are from day to day. 

Frequencies were calculated by using the formula 


Is 


vy=nK/sin 8, 


where » is the spectral order, » the frequency, K is 
a constant, and @ is the angular displacement from 
the central image. A was determined from measure- 
ments of the 0.546073-, 0.576960-, and 0.579066-u 
mercury lines in the orders from 10 to 16 using a 
low-pressure (H-2) mercury are as a source and 
a 931A photomultiplier tube as detector. These 
measurements gave an average value for A of 
722.506 +0. 025 em~'. 

The four or more frequency measurements obtained 
for each line, including scannings in both directions, 
were averaged. These frequencies were then cor- 
rected to vacuum by assuming the laboratory air had 
an average refractive index of 1.0002565, correspond- 
ing to a barometric pressure of about 740 mm Hg 
and a temperature of 25° C. 


3. Results 


A =e of the water-vapor spectrum from 4.5 to 


13 yw is shown in figures 2 to 6, with the exception of 


The “‘central image” corresponding | 


a short interval from 5.7 to 6.6 uw, where w 
absorption is very intense. To reach | 
wavelengths, the grating had to be used , 
angles to the incident radiation, and very |} 
was obtained even with the widest slits p: 
This accounts for the small deflection 
figure 2 beyond 12 yw. As short portico 
spectrum were run individually, the tot: 
varied slightly, giving the segments showy 
figures. The approximate amounts of water 

in the path for each region are given in the captions 
of the figures, as well as the temperature of the oJ 
or spectrometer. It should be noted that when , 
temperature of 110° C is indicated, this refers to j), 
temperature of the absorption cell. There wa 
always some water vapor in the spectrograph 
about 25° C, also contributing to the absorptio; 
This contribution is quite negligible when the ej 
contains steam at atmospheric pressure. The regions 
near the center of the 6.3-~ band were run with on) 
the air path in the spectrometer. Although spectry 
were recorded on a cold, dry day in February, may, 
lines were still more intense than was desired. 

The effective slit widths used varied from 0.» 
em~ at 13 wu to 0.83 em~ at 5 au. These slit Widths 
were approximately the same as those used in the 
investigation of the solar spectrum. Under thes 
conditions the lines in the laboratory spectrum wen 
wider than corresponding lines in the solar spectrum 
Consequently, some lines clearly separated in t)y 
solar spectrum are blended in the laboratory spev- 
trum. The increased line width observed in tly 
spectrum of steam is caused both by the higher 
temperature and the much higher concentration of 
water vapor, giving a marked self pressure broaden- 
ing effect. Approximately the same deflections 
were obtained in windows between absorption lines 
whether the cell was full of steam or air, indicating 
that there was little continuous absorption by water 
vapor in these windows. Thus the wings of water- 
vapor lines lying outside the region investigated 
played an insignificant part in the absorption 
observed. 

The lines have been numbered in order of increas- 
ing frequency in the figures as an aid to their identi- 
fication in table 1. The line number is given in the 
first column of this table and the observed frequency, 
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| corrected to vacuum, in the second. 





It is believed that the absolute values for the 
frequencies of well-defined lines are correct to better 
than 0.2 em~' at short wavelengths and to 0.1 em” 
elsewhere. Most line frequencies have been given 
to 0.01 em™~', but some of the very weak lines that 
are difficult to measure accurately are listed to the 
nearest 0.1 cm~'. A number of absorptions can be 
seen to consist of more than one line, and here the 
frequency of the position of the maximum absorption 
is listed to the nearest 0.1 cm~'. Scattered radiation 
did not amount to more than 10 percent of the total 
deflection anywhere in the region measured and 
would not give rise to any spurious lines. 

When the solar spectrum is compared with the 
laboratory spectrum, it is found that the relative 
intensities of some of the lines are very differen| 
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« expected because the amount of water | 


atmospheric path traversed by the solar 

aries between 1,000 to 10,000 atm-cm 

n average temperature of about 14° C, 

laboratory path was only 800 atm-cm 

mperature of 110° C. The higher tem- 

the laboratory sample gave intensities 

with those in the solar spectrum to lines 

ate from higher energy levels. However, 

w from low-energy levels are little affected 

ange in temperature from 14° to 110° C, 

lines were very weak or completely absent 

laboratory spectrum, although they may 

prominent in the solar spectrum. This is 

| by figures 7 and 8, which show small por- 

the solar and laboratory spectra for com- 

al together with the calculated spectra for the 

-orresponding temperatures. The calculated spectra 

schematically shown by drawing each line as a 

angle, the width corresponding to geometric. slit 

dth used in the observed spectra, and the altitude 

roportional to the logarithm of the calculated in- 

sity. The solar spectrum in figure 8 was observed 

jurng a cold winter day when the water-vapor 

ontent of the atmosphere was unusually low; so the 

-aleulated intensities for 14° C of table 1 were 

yrbitrarily divided by 5 and plotted on the logarith- 

scale indicated in the figure. Figure 7 also 

istrates the greater line width of the laboratory 
seam spectrum than that of the solar spectrum. 

In a number of cases where laboratory lines are 
ery weak, or where several lines are blended, it is 
wieved that more accurate frequencies can be ob- 
ined from the solar spectrum. Lines that appear 
n both spectra, but for which the frequencies from 
ihe solar spectrum have been used because they seem 
more reliable, are indicated by a dagger (+) in table 

A few lines which appear only in the solar 
spectrum, but which ean be fairly positively identi- 
fied with water vapor because their intensities change 


vith the amount of water-vapor in the atmosphere | 


or because they are theoretically predicted, have 
also been included in the table. Such lines have a 
dash in place of a line number. 

The observed intensities of the lines are given in 
the next four columns. The first column gives the 
utensities of lines observed in the solar spectrum. 
\ question mark in this column indicates that the 
nlensity is uncertain because of absorption by other 
gases in the atmosphere. The values given are for 
‘average’ conditions of humidity and altitude of the 

The intensity scale is very approximate, but 
runs from 0 to 100, corresponding roughly to per- 
centage absorption at the maximum. The next 
ihree columns give intensities as observed under 


various laboratory conditions; first, when water in | 
the spectrometer alone was sufficient; next, when | 


steam was diluted to a small fraction of its maximum 
value; and finally, when the full path of 800 atm-em 


was used. Figures 2 to 6 may be consulted for de- | 


ails. The steam was diluted over a wide range of 
voncentrations so that the intensities for the diluted 
water vapor should be compared only for lines in 
the same neighborhood. In general, the absolute 








intensities of lines in the solar spectrum and the 
laboratory spectrum of the long path length of steam 
are roughly the same, although the intensities of 
the atmospheric lines vary considerably, depending 
on, the altitude of the sun, the humidity, and the 
temperature of the atmosphere. 

The sixth column of table 1 gives the identification 
of the line; or, if several transitions overlap to give 
an unresolved blend, the strongest components are 
listed. The identification consisis of a letter symbol 
for the vibrational transition involved, the rotational 
quantum numbers of the upper siate, J}, and those 
of the lower state, Ped The letter symbol a refers 
to pure-rotation transitions within the ground vibra- 
tional level. All identified lines with frequencies 
below 890 cm™~' are of this type, and they predomi- 
nate up to 1,000 em™'. Near 1,000 em~' is a region 
of minumum absorption by water vapor. At lower 
frequencies the pure-rotation lines become stronger, 
and at higher frequencies those of the » band 
rapidly increase in intensity. The symbol 6 identi- 
fies transitions in the », fundamental. The remain- 
ing strong lines in the laboratory spectrum belong 
to this band. In addition, a few weak lines have 
been assigned to bands in which », is the lower state: 
c refers to the transition 2»,—», d to »,—v, and ¢ 
tO v¥3— Po. 

The seventh column gives the calculated frequen- 
cies derived from the term values of the correspond- 
ing rotational states. These are listed for the three 
lowest levels in table 2, which has been compiled 
partly from the present research, and partly from an 
extensive reinvestigation of the complete water- 
vapor spectrum. The term values of the upper 
states of bands d and ¢ have previously been given 
by Benedict and Plyler [5]. A calculated frequency 
in table 1 is the difference between two energy levels, 
J: and J7, involved in the transition. The 
calculated frequencies of a few lines have been 
placed in parentheses because in each case one of the 
levels concerned has been located by means of the 
observed line. These assignments depend on ap- 
proximate predictions of the levels from extrapola- 
tions of regularities among the reliably known levels 
and on the agreement between calculated and ob- 
served intensities. For the remaining lines, how- 
ever, other observed transitions connect the levels 
in question, and the agreement between observed 
and calculated frequencies is a true measure of the 
consistency of the measurements and the interpreta- 
tion of the H,O spectrum. 

The final columns of table 1 list relative values of 
the calculated intensities, for temperatures of 14° 
and 110° C. These temperatures approximately 
correspond to the average temperature in the solar 
and laboratory spectra, respectively. The tabulated 
numbers are, for 14° C, v(LS)ge~**?-10°, where 
(LS) is the line strength, as defined and tabulated by 
Cross, Hainer, and King [6], g is the statistical weight, 
and /”’ is the energy of the lower state (from table 2). 
rv is a numerical factor for the intensity of the vibra- 
tional transitions relative to the pure-rotation band, 
which will be discussed presently. The factor 10° 
was arbitrarily chosen so that medium-strenagth lines 





in the solar spectrum have intensities of the order of 
unity. For 110° C the factor was reduced to 10° to 
compensate for the increased Boltzmann factor. 

For the pure-rotation band, it is possible to caleu- 
late intensities on an absolute basis, since all quan- 
tities in the theoretical formula 
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are known. /Sk,dyv is the integrated intensity of a 
line, NV, h, ¢, and k are universal constants, ( is the 
state-sum, ge" “", and pis the static dipolemoment, 
1.86 Debye units. In order to convert our tabulated 
values for the pure-rotation band to the integrated 
intensity in units of cm~“atm™', one must multiply 
by 2.19%10°'Xv(em™'), at 287° K; at 383° K the 
factor is 1.07*10-°xv(em~'). 

Not all of the transitions found in the course of 
this study are listed in the tables of reference [6). 
The extension to J>12 requires a moderate extra- 
polation. Transitions in the R;,; branch do not 
appear in their tables; according to a communication 
from Professor Cross, the line strength in nearly all 
these lines is less than 0.0001. For such lines the 
intensities have been estimated, and are placed i 
parentheses in table 1; the relative intensities at the 
two temperatures are significant, but the values may 
be in error by an order of magnitude. 

The observed intensity of relatively weak lines in 
the pure rotation band, in both the solar and labora- 
tory spectra, appear to be in fair agreement with the 
calculated absolute intensity. For example, the 
calculated intensity of line number one (16_.—15_,9) 
is S{I,dv=0.45* 2.19 107? KX 760=7.3 > 
10-°em~*atm™'. If the atmospheric path is 5X 10° 
atm-cm, the equivalent width should be 0.36 em™', 
which is of the same order as given by the observed 
maximum absorption of 45 percent, assuming that 
the line has a half-width 0.10 cm™~' and is observed 
with a slit width of 0.22 em™'. For the steam path 


of 800 atm-em the calculated equivalent width of | 


the same line becomes 1.6 1.07 * 107° 760 * 800 
1.04 em~', again in order of magnitude agreement 
with the observed maximum absorption of 68 per- 
cent for a line of half-width 0.4 em. 

For lines in », and in the upper-state bands, the 
absolute value of the theoretical intensity cannot be 
calculated, as it depends on the empirical factor ¢. 
The following values of ¢ were chosen by which to 
multiply the pure-rotation intensities, in order to 
obtain fair over-all agreement with the observed 
intensities: 


Band. b(v2) e(2v,— v2) d(v, —v,) e(v3 — v2) 


Factor... 0. 005 0. 01 0. 0002 0. 001 


These result in lines of the observed order of magni- 
tude and are not unreasonable. The » intensities, 
calculated in this way, appear to be somewhat 


weaker than the observed intensities, in 
900 to 1,050 em™', and somewhat strong 
observed intensities in the region 2,000 to « 

by a factor of 2 or 3 in each case. Thy 

which may be in part due to the greater e/ 

width in the short-wave region, are simils 
encountered in other bands of H 20, and even mor, 
strikingly in H,S and other asymmetric-(.p yy), 
cules. An explanation of these effects has 
been proposed by Nielsen [7]. The anormal 
v. Of H,O does not appear outstandingly large 
the portions of the P and R branches near the orig 
but is confined to the transitions of high J and thos 
in which A changes by more than 1. 


recent 


4. Discussion 


The agreement between the observed and eal 
lated spectra as given in table 1, and illustrated ) 
figures 7 and 8, is quite complete, and argues yi! 
both for the accuracy of the measurements and 4) 
correciness of the interpretation. The lines yo) 
accounted for constitute less than 1 percent of (| 
iotal absorption intensity. A few of the 
ments to transitions of highest J, in both the pure- 
rotation spectrum and in y:, are rather unceriai 
It would be desirable to obtain further accurat 
measuremenis of steam in the region 550 to 770 em 
and of superheated steam or H,-O, emission spec 
throughout the rest of the vibration-rotation regio, 
for confirmation. However, all the lower enery 
levels, up to J=10, are well accounted for, in th; 
all predicted lines appear with approximately ¢| 
correct intensity and frequency, and that no strony 
lines remain unidentified. 

An additional demonsiration that the spect: 
analysis is quite complete and essentially correct 
afforded by the arrangement of the lines into series 
Table 3 presents the lines of the four prominent /’ 
branches of the », vibration-rotation band, groupe: 
in such a way as to display the regular decreas: 
frequency with increasing J. A similar array ma 
be made for the lines in the ?? branches, as well a 
for the @ branch lines, most of which, however 
in the central region not measured in this stud 
Frequencies in parentheses are those of weak lines 
overlapped by a stronger component. It is clea: 
by a comparison of tables 3 and 1, that the ident- 
fication of many lines of higher J cannot be expecie 
without an increase of the path length, or, preferab)) 
by increasing the temperature. As mentione 
before, there is a distinct difference in temperatur 
coefficient between the weaker lines of the /’ 
Pz;, and Pz, branches, which have relative! 
high transition probabilities but originate fron 
high-energy levels, and those of the 3, bran¢! 
(as well as the few identified lines of the Pz, branc! 
not included in table which have lower lin 
strengths but originate from lower energy leve' 


assivi- 


This difference manifests itself in the changed re'- 


ative intensities in the laboratory and solar path- 
Table 4 is a similar presentation of the lines of th 
low-probability branches of the pure-rotation banc 
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eness, there are included lower lines of 
s observed by other investigators [12, 13] 
her infrared, as well as frequencies, in 
. of lines that have not vet been measured 
accuracy. A comparison with table 1 
vs that the suggested array accounts for 


ie observed lines from 760 to 1,000 em~', | 
ines that are most enhanced in the atmos- | 


mging, for the most part, to the more 
bidden AR, 7 and PR, = series. 
ergy levels of »,, which are now known with 
ess and good precision up to J=9, permit 
ved determination of the rotational con- 
v that vibrational level. The method is 
wd elsewhere. Figure 9 presents the effective 
tational constant A>, Bj, and C) for each ./, 
jonved from the levels of table 2, plotted against 
JJ-1). The points are seen to fall nicely on 
snooth curves. The intercepts give the rotational 
onstants 4, B, and C, and the limiting slopes give 


he centrifugal stretching constants D),, Dg, and De. 


ere 
highly ! 
The « 


complet 


These are listed in table 5 and compared with the | 


orresponding constants of the ground state. There 
-an appreciable curvature in the plot of Aj, show- 
w that centrifugal stretching terms of higher order 
re important at relatively low .J/. 

The few weak lines that are not assigned may be 
ransitions of higher J in », upper-state transitions, 
y lines in the isotopic molecules H,O” or HDO. 


lhe ealeulated vibrational shift for », of H,O" is | 


6.5 em-': this shift would be increased for lines 


nthe 2 branch and diminished in the P branch. 
fentative assignments of some of the observed lines 
can be made on this basis; for example, line 285 


1414.99 em™'), which lies 4.3 em~! below the strong 
ne 3y—4y, and line 353 (1764.22 em™'), which lies 
s4 em! below the strong line 3;—2,, have 
proper intensity ratio (1:500) and positions to be 
ther analogues in H,O". 
ire suggested in the table. It should be 
that, on the basis of the expected relative intensities, 

would be very unlikely that many absorption 
nes due to HDO would appear. 


trum at 3.7 w [9, 10], the intensity of the lines of 
the » fundamental of HDO 
H.0 on our spectra would be very small. 
frequencies of the », fundamental of HDO published 
by Barker and Sleator [11] do not show any definite 
coincidences with our data. There should, however, 


be a number of fairly strong lines at lower frequen- | 





| atmospheric 


cules in the saturated vapor. 





the 


Other such possible lines | 
noted } 


Although absorp- | 
tion due to the », band of this isotope has been | 
postulated by Adel [8] in the 7.2 uw region of the solar | 
spectrum, and the », fundamental has been definitely | 
observed, resolved, and analyzed in the solar spec- | 


relative to those of | 


‘ry ' 
The | 


cies than their work reached, which would lie in 
the region of weaker H,O absorption and might 
thus appear as weak lines in our spectra. For 
example, on the basis of the known structure of 
HDO, we calculate that the line 3;—4; should fall 
near 1,250 em™'. Line 183, otherwise unaccounted 
for, has about the proper intensity in both labora- 
tory and solar spectra for this transition. 

It may also be of interest to point out that the 
completeness of the assignment, and the fact that 
the intensity differences in the spectra between 
water vapor and nearly saturated 
steam can be explained in detail on the basis of 
temperature, is strong evidence, although of a 
negative sort, against the existence of (H,O), mole- 
The association of 
H,O in the liquid phase is abundantly proved by 
the marked lowering of frequency in the »; funda- 
mental and a somewhat smaller shift in ». The 
existence of dimers in the vapor has often been 
postulated to account for changes in density, di- 
electric polarization, etc., near saturation. If such 
dimers exist as molecules with quantized vibration- 
rotation states, the evidence of the present study 
would be that their concentration, relative to H.O 
monomer, must be less than | percent, since in the 
region of 1,400 em~', where (H,O), should be most 
strongly absorbing, the unaccounted-for absorption 
is very small. We have mentioned§previously that 
the steam spectrum shows a somewhat greater line 
width than the atmospheric spectrum, but there 
is no appreciable frequency shift, and the amount 
of self-broadening is by no means abnormally large 
for a polar molecule. 
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Fieurre 2 Absorption spectrum from 11.9 to 13.1 of an eight meter path of water vapor at 110°¢ and one atmos phe 
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Figure 3. Absorption spectrum from 10.2 to 11.94 of an eight meter path of water vapor at 110°C and one atmosphere pressur 





le sé " 64 


lhsorption spectrum from 10.2 to 11.9 of an eight meter path of water vapor at 110°¢ and one atmosphere pressure 


and with small sections also at lower concentration, 
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Figure 5. Absorption spectrum from 5.4 to 5.7 and from 6.6 to 8.0p of water vapor 


| line refers to water vapor in the air of the spectrometer at approximately 25°C, dotted line to an eight meter path at 110°C and various concentrations © 
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Ficure 6. Absorption spectrum from 4.5 to 5.5y of water vapor. 


as 


(A) Solid line refers to water vapor in spectrometer at approximately 25°C, dotted line to an eight meter path at 110°C 


and various concentrations of water 
in air; (B) eight meter path at one atmosphere and 110°C 
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Figure 7. Solar, laboratory, and calculated spectra of the region from 850 to 880 cm=. 


(A) Solar spectrum taken in Acemt, 1950; (B) calculated spectrum at 14°C; 
110°C; (D) calculated spectrum at 110°C 





(C) laboratory spectrum of an eight meter path of steam at one atmosphere and 
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| | Figure 8. Solar, laboratory 
and calculated spectra of 
the region from 1860 to 
1925 em-. 


1925 
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(A) Solar spectrum taken in Febru- 
ary 1951, with an air temperature 
of —15°C; (B) calculated spectrum 
at 14°C; (C) laboratory spectrum 
of a four meter path of steam at 
110°C and nearly one atmosphere; 
(D) calculated spectrum at 110°C, 
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Curves from which may be derived the inertial and 


centrifugal stretching constants associated with = 
rotation about the three axes of inertia: (A) The . ST 
least aris; (B) the intermediate aris; (C) the ctrl, 


greater axis. oot) 
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TABLE 1. Absorption Spectrum of H50 between 4.5u and 13 yp. 





OBSERVED DATA CALCULATED DATA 
on 








Wove Intensity identification Wave Intensity 
Number 
em-' (vac)} jasc 








Number ’ " 
Laboratory Jr —_— Jr 


cm (voc) an I nore | noc 
ently 6a 6 Atmo-ws 



































767 .37 o - 68 16, 152.10 (67-4) 0.44 1.6 
769.1 0 13 75 6, 89-16 (0.7%) (0.127) 
770.17 75 12, ll, 70017 3.6 3.8 
775.63 73 12, ll, 75.63 6.4 4.6 
777 .07 94 10, 9 77.09 11 

779.36" 72 10, 99 79.41 3.7 


a. 10 84.62 18 
-3 -9 . 
784.54 73 1 15.1, (84.54) 1.2 


791.6 
794.01 94.01 6.4 
796.01 96.08 20 

797 .65 \ 97.66 2.3 
798.75 (98.75) 6.8 


99.16 25 
— (99.11) 2.2 


803.09° 03.10 6.7 
803.60° 88 03.61 3.1 
806 .06 54 (06.06) 


806.75 56 


t 
808.14 15,3 (08.14) 
808.33 * ™ 773° 08.29 


813.97 92 62 8, 13.97 
814.61 95 77 11., 14.60 


See footnotes at end of table. 





TABLE 1—Continued. 





OBSERVED DATA 
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Identification 


CALCULATED DATA 








Wove 
Number 
em-' (vac) 


Intensity 














0 


20 


5 
16 


42 


36 


66 
46 
13 
0 
9 
56 


92 


96 
4O 
75 
49 
2 

4 

3 
37 


2516 
7-31 


27.86 
27 -67 


35-64 
( 35-64) 


40.01 
40.15 


(40.36) 
(41-16) 
41.93 


49 «79 


52.51 
52.60 


(52.92) 
53-41 
54.66 

(58.65) 

(59-78) 


(0.2) 


0.4? 
0.73 


0.57 
0.47 


0.76 
0.55 


1.7 
0.56 


0.50 
0.065 
(0.04) 


1.6 


2.0 
1.5 


3-4 








TABLE 1— Continued. 
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Number 
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Intensity 





Laboratory 
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wor ¢ 
8 Arme 


nor c 
6 Atmo-w 





identification 


vr — dr 


CALCULATED DATA 








Wove 
Number 
cm (vac) 


Intensity 








arc 








871.327 


878.61t 


881.15" 
885.18 
883.89 
887.33 
888.71 
890.14 
891.33 
go2.it 
896.577 
897.77" 
905.507 
906.32 
906.8 
908 .o9t 
909.02 


910.17 


910.77 


914.06 


918.52 


1) 


36 


36 


ll.2 


12_ 
143° 


86 


lle 

95 
lz. 
12, 


10g 


13.5 
ll.) 
16.15 
14_¢ 


llig 


12, 


1 


12.) 
10s 


715 


71.49 


78.70 
78.9 


81.20 


84.01 
87.44 
88.71 
90.16 


91 23S 


96.53 
97.77 


05.34 


(06.32) 


(06.6) 


09.12 


10.4 


(10.8) 


14.06 


18.52 


2.3 0.92 


1.3 0.65 
0.0 


8 0.20 


(0.3) 


(83.18) 0.13 


0.95 
(1.1) 
0.63 
0.21 
0.28 
0.006 0.009 
0.017 0.027 
0.012 0.014 
0.3 0.8 


0.06 0.09 









TABLE 1— Continued. 




































































OBSERVED DATA CALCULATED DATA 
: ‘ Wave Intensity identification Wave intensity 
3 Number Number 
Loaborat tL — Je 
cm” (voc) Solor on —— “oc ‘c ‘c em-' (vac) ec worc 
only ke a CO atmo 






62 922.19" 89 0 - $52 a 12) lll, 22.41 1.5 1.2 





63 925.05 6 0 = 15 @ 96 Bg Hel (140) (043) 





64 929.00 22 0 - 186 a ly 13_, 29200 0,063 0.29 





3 






929.4 0 O - 6 
932.32 
67 9377-40 5 OO - 
68 938.2 2 0 - 


65 










oO 
f.) 
~ 
, 
Sa 


13.5 3742 0.020 0,06 






o + 


941.12 20 0 - 






a 1b) 13.10 (41-1) 0.29 0.36 











b 10 4.90 0.022 0.0 
70 94Ke95 1H Ds {? 1271 13 96 0.22 0:35" 
« MP 6 Oe we 8, 7.) 46.73 0.13 0.04 
















9Wbe35 66 0 = 27 @ 12, 12,,, 4840 149 160 
72 953-49 FO 0 = 2 b 1d, 12.7 5349 0.069 0.076 
73 954.17" > &iae ££ & & 53-99 0.014 0.013 
- 955-35" 2h 0 = 0 Wy 9g 55450 (063) (0409) 










95-71 9 O = 13 b IL) 12.4 55-71 0.023 0.026 


: . a 18 17_j4 (59-33) 0.05 0.21 
75 «959-33 OO x {: 92/3 a3? “59.79 (0.05) (0.02) 









Tt 
960.5 2} 2 ea 15 lh. (60.5) 0.003 0.014 
~ isaat as ° - {° 8 9)? -60491 0.005 0.005 
77 962.05 - 0 - § a il, 10. 62.1 0.025 0.04 







963.0 
966.01 11 0 - , & Be 109 65-93 0.019 0,016 








80 967.00 15 Oo - 16 a 13, 12., (67.00) 0.20 0,22 





TABLE 1— Continued. 





OBSERVED DATA GALCULATED DATA 








Wove Intensity Identification Wove Intensity 


Number Leboratory J wil Number 
cm~ (vac) = | mes 4 cm (vac)] ser 











only ‘es a 6 Atmow 





























136 70.52 


70.66 10 0 
7 13, 70.75 


+ 
971.43 lk 10, 71.53 


971.75 le 

973-59 15 73-65 

974.04" 16 74.04 

976.07 0 76.07 

977-54 15 77.28 

984.2 5 84.15 

990.3 6 (90.3) 

994.4 10 

998.87 307 98.70 

1000.35 25? 00.47 0.20 0.19 
1003.6 107 03-85 (0.40) (0.14) 
1007.3 15? “ 07.08 0.017 0.035 
1010.12 15? 09.96 0.11 0.085 
1010.86 157 11.06 0.10 0.143 
1011.64 107 
1014.56 507 14.38 0.318 0.265 
1017.6 20? 17.79 0.202 0,128 
1017.9 30? (17-9) 0.16 0,22 


1019.5 5? 19.52 0.013 0.018 





TABLE 1— Continued. 





Number 


OBSERVED DATA 





Wove 
Number 
cm (vac) 


Intensity 





Laboratory 











aw wor c 
only <8 Atmo- 


nor Cc 
8 atmo 





CALCULATED DATA 





Wave 
Number 


cm-" (vac) 





Intensity 








arc 











1022.0 


1028.47 


1029.69 


1030.58 


1032.76 


1039.53 


1042 .57 
1044.4 

1049.39 
1050.22 
1051.28 
1055.56 
1058.69 
1060.14 
1062 .61 


1063.6 


1066.20 


1072 .69 
1074.46 


1085.4 


0 


0 


4 


b 


21.55 


28.47 
28.45 


29.58 
29.87 


30.0 


95 39.31 
12.3 39.35 


13.33 (42.5) 


0.053 


0.045 
0.5 


0.084 
1.14 


0.033 








TABLE 1— Continued. 





OBSERVED DATA CALCULATED DATA 








Wave Intensity Identification Wave Intensity 
Number 
cm (vac)| tac 








Number Laboratory Jr _ Jr 


cm~ (vac) aw nore nor ¢ 
only (8 Atrmo-a@ 6 Atmo-w 
































121 1088.1 0 - 2 

122 1091 .24 0 55 0.575 0.54 

123 1099.74 54 0.665 0.55 

124 1101] .47 34 0.85 0.352 

125 1105.3 8 

126 1106.76 78 1.60 1.15 

127 1111.59 41 1.21 0.41 

128 1114.8 4 0.010 0.05 

129 1117.71 19 0.063 0.098 


130 1120.9 a 0.45 0.29 
76 


1121.24 21 1.37 0,62 
1135.80 1.78 0.80 


1137.46 1.63 0.78 
1141.64 0.034 0.088 
1149.48 ; 1.82 0.98 
1151.59 0.66 0.26 
1152.44 0.91 0.63 
1165.27° 0.86 0,22 
1165.4 1.56 0.48 


1165.9 0.59 0.145 


0.009 0.032 


1167 .04 
0.014 0.030 












TABLE 1— Continued. 









OBSERVED DATA CALCULATED DATA 














































’ 3 Wave Intensity Identification Wave Intensity 
i3 a Leberetery i- J Number 
em (vac) | Soler /—s—Paere Tere : em-' (vac) 1a € wore 
L only ke Aime 6 dimou 

























1169.4 ? 0 - 4 




















1171.4 7 0 = NOK I, 95 Ted? 0.043 0.021 
143 —-:1173.76 0 33 b 10 ll 73-74 1.ll 1.09 
99 * * 
144 1174254 o 8668 > 7 8.5 The 12.6 = heh 
1178.55 







1180.75 80.94, 





1182.2 






83-95 
98 {> 11 12, 86665 0.105 0.189 
b 6 


1184.14 






149 1187.00 9% 0 70 87-11 leh e7 






1191.16 






1193.67 






1195-41 
1198.22 






1200.80 








1201.55 


t 
1206.07. 52? 
156 senetg fo = 









1207 «35 07-5 0.048 









c «(C6 09.6 0.036 












1211.29 11.29 304 
1212.28 99 o 660 d 8 923 12.23 12.8 6.4 





















TABLE 1— Continued. 





OBSERVED DATA 











Wove 


Intensity 





Number 
cm” (voc) 





Leboratory 





aw nore nor ¢ 
only @ ar CO atmou 








identificat: 


on 


a 


CALCULATED DATA 





Wove 
Number 
em (vac) 





Intensity 


| 








terc 











1213.0 
1214.91 
1218.63 
1219.1 


1220.43 
1225.08 


1225.5 
1226.1 

1228.53 
1229 «43 
1232.1 

1233.31 
1235.23 


1237.20 


1299 -25 
1240.6 


1242.90 


1244.18 
1244.77 


1246.63 


0 19 («99 


0 3 25 


o 40 
90 
9 


? 


? 


95? 


b 


b 


b 


b 


1l 


12 


8 


0 
-1 


13.00 
15.06 
18.63 
19.2 

20.60 
24.76 
25.08 
25 .08 
25 46 
26.06 





TABLE 1— Continued. 


OBSERVED DATA CALCULATED DATA 











Wave Intensity Identification Wove Intensity 


Numbe Laboratory ; ue £ Numb 
cm (vac) “a oO c em (voc)}] sarc wore 
only ke a 0 Aimee 






































1251-43 - = 13 B 3g by Shek 0070 


1252.44 17 
1253.67 5 7. 1% 5352 
1255 «95 40 was 2?ea7 (56-0) 


11 57.07 
1257-07 67 { 7 
12.3 5 7210 


1258.63 91 10, 58.63 
1260, 38 33 7.3 60432 
1264.04 63-93 
1265.42 65-30 
1266.11 66.31 
1266.63 66.55 
67.83 
1268.40 67.93 
68.28 
1269.97 8 69.72 
1271.80 95 71.73 
1272.37 72.22 








732k 


1280.09 80.09 


1281.22 80.99 





TABLE 1— Continued. 





OBSERVED DATA CALCULATED DATA 








Wove Intensity Identification Wove Intensity 


Number « Number 
Laboratory —J 

cm (voc) = | 8 oo 4-< cm" (vac) . nee 

only ea 0 armow 


1262.9 - 3 7 
1284.37 - lo 63 









































84.14 


\o 
‘ 
~ 


1284 89 ” ie) 4O 
87.29 33-9 21.7 
88.18 21-4 16.5 


1287 . 3% 61 
1268.28 55 
1288.92 33 
1290.59 47 


V 
~ 


~ 


88.82 7e15 5-50 


o eo OD @® 
% 


oOo oO 
WW Ww 


90.52 14.6 18.2 


92.0 0.10 9.05 


92.30 9.25 


96.59 Ove 
96.53 12.1 ’,o 


01.0 0.04 0,19 


1292.40 6 


1296.67 


wr SR” 


1300.9 
1302.7 
1304.46 
a 2048 3409 
1306.32 

1950.85 b200 1704 
1312.61 6652 


9 74 
1313-64 36.7 17.6 


1314.62 4308 = 31.9 
1316.20 1.67 2039 


1317.04 130054 





TABLE 1—Continued. 





OBSERVED DATA CALCULATED DATA 








Wove Intensity identification Wove Intensity 
Number 
cm- (vac) mc 








Number Laboratory Jy - Jy 
cm (vac) ae p+ wor ¢ 


only 8 Atmo-ag 6 Atmo-u 
































21 «=—«1817.6 - 37 13_15 17.65 


18.95 
222 1318.97 77 19.21 


1320.09 58 20.13 
1320.90 44 20.93 
1323.31 51 23.29 


1324.30 10 24.2 





1325.63 8 


1326.14 14 


1327.72 22 


Abs orption 


1329.90 52 


1332.70 8 


8 
© 
a. 
§ 
oO 


14 
1336.64 88 36.56 239 110 


1335.55 


37.83 28.6 27.5 
1338.56 92 61 3 38.50 308 117 


1339.23 39.59 117.5 68.1 
1339.55 39.59 103 39 


40.09 169 69 
1540.56 40.37 364 118 


1344.04 a 44.0 7.4 9.5 


1344.60 





1345.59 





TABLE 1- Continued. 


OBSERVED DATA CALCULATED DATA 











Wave Intensity identification Wove Intensity 


Number Laboratory bo r Number 
cm (voc) = es CT cm-' (vac) eee nore 
ently ‘e a 0 aimow 


1345-97 - 6 - 46.0 1.22 2.04 






































1347.01 - 6 - 4701 0.41 0.68 
1349 .0 34 

1349-39 64 113 18.4 
1351.67 15 

1352.41 21 520k 5.65 6.61 
1354.87 80 54.80 


1356.0 13 ran 





13 
55 58.02 


61.02 
61.09 


1357-21 
1358.06 


Absorption 


1361.09 


62.70 
62.96 


8 
@o 
a 
a 
§ 
oO 


1362.70 


1363.17 63.16 
1365.9 
1368.60 68.74 


12 12 69.89 
1999.78 - 70.02 


1370.95 70.9 

1372.28 72.17 52-5 

1373-76 73-76 1070 275 
' 7513-670 





1375-09 





TABLE 1—Continued. 





OBSERVED DATA CALCULATED DATA 








Wove Intensity identification Wove Intensity 


rere Laboratory i J Nt 
em (vac) ~ I i em-' (vac) 0° @ 
®@ an CO himoe 



































only 





1376.3 3 - 
1378.04 5b) 

1379 .63 
1#%2.11 
1383.40 
1384.26 
1386.51 


1387.55 
1390.0 





1990.95 


S 
° 
I 
» 
2, 
be 
° 
8 
‘€ 
8 
© 
= 
[ss 
8 


1392.38 


1394450 


1395.81 


1397-74 


1399 16 


1402.0 

1403.54 
1404.98 
1407.09 








TABLE 1— Continued. 





OBSERVED DATA CALCULATED DATA 








Wave Intensity identification Wove intensity 
Number = Number 
Jp Ur 








Loboratory 
cm” (vac) = ars em: (voc)] ser 
only ke a 0 atmo 
































1409.94 2h 85 8B 9.6 09-91 135 43 


10, ll« 12.33 32 5el 
1411.52 27 1073 1073 11.43 42 23 


5. 11.91 7305 he 
1411.91 26 1079, 10-g 11.98 1h 7.7 


1414.99 5 Possibly #20 b 3, 
1416.11 4l 16.09 


17-99 
69 17.64 





1417-39 


19.04 
99 19.55 


23-90 
24225 


26.3 


1419.3 


1423.90 
1425 83 
1426.60 
1426.31 , 28.24 
1429.97 30.01 
1432.06 31.99 


33.21 
1433-31 33-49 


g 
> 
3 
3 
: 
a 
8 
° 


26.6 


1435.77 35-51 
36.54 
1436.72 3 bea 
37.18 
1440.64 
1441.42 


1442.80 








TABLE 1— Continued. 





OBSERVED DATA 








Wave Intensity 


idemification 





Number 


Laboratory 











em” (vac) ~ 
G 


only 


wor c 
8 Atmo- 


nor c 
8 Atmom 





CALCULATED DATA 





Wove 
Number 


Intensity 





em-' (vac) \a* c 














1445.09 


1446.49 
1447.91 
1450.53 
1452.01 
1453.4 


1454.59 





1455.26 


1456.49 


1457.09 


Absorption 


1458.24 


© 

a 
© 

Loma 
Q. 
= 
ie) 


1459.26 


fal 
7 


1460.76 
1462.71 
1464.92 
146€.59 
1467.61 


1469.3 


1472.0 





1473.44 


ll, 


60 { 2 1077 


do 9, 


65 db 3.3 33 


db 5.3 6.3 


Possibly #,01° 


8.5 


Bug 


726 


b 2.0} 3) 


Possibly H,0'° » 3 


18 
Possibly aC 


4 


11.6 
4.9 


45.05 


45.12 3.4 


46.52 60 8.2 


47.88 
db 6.5 
52.20 

109 33 

1600 310 

4785 996 


1210 
402 


8400 
1650 
2880 413 


1525 


64.91 4800 


e] 
b 5.5 


107 
960 


71.77 441 
71.92 6580 


73.46 7980 1410 








TABLE 1— Continued. 





OBSERVED DATA 











wove 
Number 
em (vac) 


Intensity identification 








Loboratory Jr _ Jr 











ab wor c wor ¢ 
only 6 atmo 6 Atmow 


CALCULATED DATA 








Wove 
Number 
em-' (vac) 


Intensity 








rc 








1476.29 
1478.1 


1480.4 


1481.33 


1462.5 
1484.3 
1486.27 
1467.34 


1489.23 


1489.61 
1490.81 
1496.23 


1498.79 


1500.51 


1501.83 


1506 


1506.55 


1509 «79 


1510.56 





a 
° 
4 
ee 
Q, 
g 
2 
“2 
o 
» 
© 
a 
3 





5 
94 -4 
1.7 


76.09 
76.48 


2 
1 


81.37 


5 
- 81.73 36 


6.4 


S444 1.5 
86.22 140 
(87.34) 2970 


89.11 343 
89.19 456 


1685 
3890 
11560 


89.E1 
90.76 
96.27 


1, (98.79) 3145 
— 
. {Possibly also fe) >» 


01.83 


05-57 
06 .68 


07-09 
08.49 
09.56 
09.72 
09.73 


10.58 
10.56 


260 


11460 
1065 
14670 


3340 


1ll 
365 
540 


20 
122 


1.7 
63 





TABLE 1-— Continued. 


OBSERVED DATA CALCULATED DATA 











Wove Intensity Identification Wave Intensity 
mobder ¥ 
Numbe Laboratory “ Number 


- ‘ 
em (vac) om I ——a Tala cm" (vac)] je*c 
only 8 Atmo@ 6 Atmow 





Number 



































12.22 


b 
1512.37 90 b 12.30 
b 12.34 


1515.01 14.84 


16.52 


516.77 
. 16.75 


4 17.59 
1517.50 4 17.95 





20.18 
520.35 ‘ 
emetate 20.24 

21.25 760 
52 4 " 
— 21.25 


1522.67 22.66 650 


Complete Absorption 


1525.1 72 24.86 88 
1525.52 92 25.45 670 
1527.38 79 27.48 335 


1528 .66 75 28.62 179 





351 1531.71 55 31.64 595 185 


Note: Between lines 351 and 352 the absorption has not been measured, since 
our resolution is not improved over that published[3]. The calculated 
spectrum from our enercy levels yields results agreeirs to + 0.2 cm 


with the earlier work. 





TABLE 1—Continued. 





OBSERVED DATA CALCULATED DATA 








Wove Intensity identification Wave Intensity 
. Number 

Number Laboratory Jr — dr ‘ 
cm" (vac) aw wor ¢ nor c 4 cm (vac) -s — 
pt 6 Armond 6 Atmow 






































1761.88 88 ~ - »b 6.5 5.3 61.86 6368 1070 
1764.22 7 - = Possibly HOF bd 3, 2 
1765.40 Se: « 10.¢ 10.g 65.36 29 
1767.3 20 9.2 9-4 67.06 54 

9.7 9g $8.06 275 
1768.20 87 9.9 5.7 66.23 2910 


1771. 38 91 71.45 6050 





1772.64 93 72.80 
77 75061 


75.57 
78.64, 


1775-64 


1778.6 22 


7942 
* { 10> 79615 


1779 «14 


80.77 
84 80.92 


Complete Absorption 


1780.70 


1781.96 28 62.04 80 
1783.95 23 84.08 80 
1784.93 76 85.03 1810 


85, 38 73 
1788.45 88.79 34 


1790.1 ho ry 7 


1791.02 91.05 





1795-22 95.28 





TABLE 1— Continued. 





OBSERVED DATA CALCULATED DATA 








Wave Intensity identification Wave intensity 
mber 
—— Laboratory , Number 
cm (vac) aw noc No c t Tt em-' (vac) ne 
only (8 Atmo-n@ 8 Atmow 






































95.90 


371 1796.03 72 96.19 
96.39 


372 1796.87 30 96 .98 
373 1799.63 86 99,84 
374 1801 .56 55 * 01.50 
1802 .43 65 02 .62 
1805.17 24 0516 


1807.75 52 07.76 





3 08.6 


1808.62 
09.41 


1810.63 10.71 2400 


1812 .22 12.26 342 
1814.73 


1815.6 


Sal 
a 
Q. 
L 
° 
a 
2 
< 
o 
e 
o 
foal 
a 
E 
° 
o 


1817.47 
1621.46 


1822 .82 


1825.31 


1829.42 


1830.26 
1835.39 





1854.76 





TABLE 1-— Continued. 





OBSERVED DATA 











Intensity 








Laboratory 





aw nore 





only 8 ar 


wor ¢ 


C6 atmo 





Identification 


a 


CALCULATED DATA 





Wove 
Number 





Intensity 





em (vac) ac 





mg 








1836.07 


1837.32 


1839.29 
1840.5 


1842.25 


1844.24 


1845.4 


1847.82 
1848.80 
1852.44 
1854.1 

1856.30 
1858.52 
1859.73 
1860.96 
1861.51 
1863.1 

1864.07 
1866. 39 


1867.94 


, 





a 
B 
be 
8 
a 

3 

© 
o 
§ 
is) 





5 


" 


{° 


c 


& %% 
ssibly 42028 


7.5 6. 
35 22 


4, 33 


102 10, 


ll.g 10. 


3585 


Be 4 


37 +39 
F754 


39-1 
40.5 


42.10 
4223 


4344 
44.20 


4557 
45-54 
46.09 
47 87 


48.80 


52.38 


54-12 
56.40 
58.48 
59-69 
60.96 
61.51 
63.6 

64 206 
66.44 


67.81 
68.12 


680 
47 


11 
45 


187 
52 


62 
16000 


260 
210 
87 
945 
31 


64 


4.9 


147 
5 


l2 
3-9 


103 
25 





TABLE 1— Continued. 


OBSERVED DATA CALCULATED DATA 











Wave Intensity - Identification Wove Intensity 
Number Laberetery & va rs Number 


- ‘ 
cm (vac) = aT uae em- (vac)] jee 
only 6 Atmoe-t@ 6 atmo 






































1869.25 90 4) 69.34 7220 1180 


1870.78 45 =5 95 70.91 179 80 


1876..67 5 7.3 7.7 76.59 25.0 5.2 


1879.43 “11 


1882.3 0) 
1884.63 36 84 .64 37 


1885.28 9 i 85.36 22 13 


1889.59 82.60 3715 709 


1892 .63 # -6 (9263) 7eol 5.6 


Complete Absorption 


1893 .87 93.65 52 23 


94.99 37 21 
1895.27 95.27 1230 230 
95.19 18 14 





1897.57 34, (97.57) 8.1 
1898.81 

1901.87 , Mis 

1904.50 44 

1908.12 b 6, 

1910.09 b 65 

1914.70 Possibly H,0'® » 7 


1 
1915.30 4 6, 7, 15.16 





1918.08 J b 55 45 18.08 





TABLE 1—Continued. 


OBSERVED DATA CALCULATED DATA 











Wove Intensity identification Wove intensity 

Number ; 9 Number 
Laboratory t—J 

watiisse k wore | norc c c em-" (vac) tar 


au 
erty 6 armoeg 6 Aimou 






































1919.3 | aa eee 


1920.7 ‘ 3 ” - 9.3 


1922.42 54 ° 8 





1923-14 J 63 A 
1927.82 3 

1933-09 14 

1935-24 
1937 «87 
1939.2 
1940.2 ) 


1941.73 


1942 49 


194526 
1946.25 | 
1949-15 
1949.96 
1950.97 
1954-99 
1956.25 








1957.62 








OBSERVED DATA CALCULATED DATA 








Wove Intensity identification Wove 


Number Leberotory L-s Number 
cm" (voc) 7 wee T nec 4 c cem-" (voc)] sae c 
erly leo atmo tg 6 aime 


Intensity 






































1961.19 26 95 - 61.25 
1966.36 99 52 99 66 «lid 
1967.49 9 66 99 67.54 


1970.0 52 2 69435 


975 «43 2 5 72075 
1975 43 3 6, 75.84 


1976.19 < 52 76.19 
1977.6 Pessibly H b 
1951.32 ; 5 66.63 


1982.1 


1984.61 


1968.53 


1992.06 


1992.6 


1995.94 


2000.90 


2693620 


76 


yy blyx,02% 
e ho Sea 
123 








TABLE 1—Continued. 


















































































———— -—+——— 
OBSERVED DATA CALCULATED DATA 
. b Wave Intensity identification Wave Intensity 
= Ny 
ot aamerad Laboratory JL Jp area 7 
cm (vac) | Soler — es c c cm-' (vac) | te 
| only ke armo 6 Aimow 

















2016.7% 





73 . « 8% 6 16.76 1235 377 








2018.30 50 
34 


L7, 2022.95 &6 30 





201.92 





so 
lr 


2026.56 
2030.03 
2034-03 
20 37 5k, 
2041. 35 


460 2043-97 93 9 18 8 b 8.3 7.7 44.00 102 21 


ol 2046.58 70 4 13 8 b Wy, 9.2 b6.64 20.6 ll 

4b2 2046.7 22? 0 7 @€ 3p 4. 48-66 0.71 0.76 
483 20506 7? 0 ou db & 5.2 51.06 0.37 0.12 
48, 2051.49 7? 0 0 BW ee 3.4 44 5-33 0.31 0.32 


2053-06 


2053-96 


487 2060.55 7 8 16 8 vb 6, ?os 60.55 92 22.2 


{° 77 6 64.07 60 255 


2061, .90 : bbe? 220k 





489 2065.83 7? 13 30 - 8) 65.91 141 67.5 


. + 58 
2068.74 67496 0.60 05 













TABLE 1— Continued. 





OBSERVED DATA CALCULATED DATA 








Wove Intensity Identification Wove intensity 
Number Leberetery ‘ J, = ss Number 


cm-" (voc) es 18k x em-' (vac) 
ently 6 atmo 6 Aimou 






































. 72.70 
2072.9 5 72.68 
73-27 


3.5 4, 73460 

oes * 972 «682 74.26 
6 “a 

2 76.83 


3 
1 77.65 


2077-3 14," fe 
. {50 © p16)” 
2078.61 60 »b lly 10.3 78.67 


* {Co P(15) 82.00 


2081.96 HY 10, 94 82.02 


; °efco  ——- P(14) 86.32 
2066.52 7 4p 13 Wig 86.52 


87.54 


2087. 54 61 


b 
2090.20 86 {* 90.19 


90.2 


36 e 2 93.02 
2093.3 17 {° 


© fb 95.14 
2095.29 23 S 35-3 
2097.43 3b 97.48 


2100.46 00.46 


2103.31 z oa. 


2105.93? 05 .66 
2106.45* 06.45 
2107.47 07.9 


11.51 


2111.59 11,54 


14.28 
14.245 


14.50 
2114.86 15.18 


16.47 





TABLe 1— Continued. 





OBSERVED DATA 











Wove Intensity identification 
Number 


em (vac) 





Laboratory Jy _ Jr 


aw nore nor c 
only @ atmo 6 Atmowu 














CALCULATED DATA 








Wave i Intensity 
Number 





cm- (vac) 1° ¢ 











2119.48 ° 7 4 


4 
1 6) ° 


2121.54 
2122.58 


2124.27 0? 


+ 


2125.0c' 10 


2127.57 +? 
2129-5439 


2131.56 ? 
2136.06 ? 96 
2137-12 5 75 


2138.25 
2139.30 
2141.3 


21h264 


2145041 
2147. 36 
2151.24 


2152.55 45 


2154.68 ? 


19.07 
19.68 


21.46 
21.73 


22.31 


22.67 
23-13 


24 039 
24.87 
27.66 


31.58 
31.63 


36.20 


36.86 
37-35 


36-36 
39 +37 





TABLE 1—Continued. 





OBSERVED VATA CALCULATED DATA 








Wove Intensity Identification Wove Intensity 


Number , « Number 
Laboratory Jy — J 
A C cm-" (vac) 


m-' (vac) aw wore "orc 
‘ S [wesdemte 
2156.60 22 0 % “L 56-56 


58.22 
56.30 


2161.75 q : %, 8. 61.68 






































¢ > “ 4 
2156.26 f R( 3) = 


‘ 5 
pune ll, 102 62.90 
2163.46 , ll 1c 63-46 


65.60 
2165.50 ; 65.68 


2167 «35 ? (67-35) 
2169.17 69.20 
2171.31 5 71.36 
" 72.06 

2172.43 ; 72-35 
72.76 

2175 C9 75 elk 
2176.45 76.26 
2178.99 ? 78.91 
2179.67 79-77 
2181.41 ; 61.61 
2183.33 83.22 


2185.41 -6 aR 
l 


87.0 
2187.05 ; 67.04 


2189 .69 &9.52 


90.02 


2191.83 91.34 





TABLE 1—Continued. 





OBSERVED DATA CALCULATED DATA 








Wave Intensity identification Wove Intensity 
Number Number 
em-' (vac) 10° @ 








Loborotory PL — J 
cm (vac) an nore | noc “c , 
only 6 aime 6 Atmou 
































' . sf(ad 3 2 2.66 0.2 
2193.30 7 ~ 9 {0 33(13)? $3.36 , 


2194.50 7 13, bd Ly 10g 94-37 
2196.69 7 5° CO R(14) 96.66 
2196.63 ll e@ 2, 19 96-42 
aS 

2200.29 25° 2b Al, 1g ek 

2201.2 4 

2202.0 7 2 

2203-23 7 4° CO R16) 03.16 
2205.19 b 9% 8 — 05 +30 
2206.45 7 S © &» 1,, 6.59 


2) 1, 08.65 
lig 10.4, 06.96 


2208.63 
2210.4 6, 724 10.76 


il. 11.50 


2211.50 12.65 


2214.0 7? 14.09 
2214.3 

2215.80 

2218.48 

2221 .87 


2223.61 





TABLE 1— Continued. 





oe CALCULATED DATA 


OBSERVED DATA 
» § Wave Intensity identification Wave Intensity 
ct F A Number 


3 mber 
| Nu Laboratory 


' \ 1 
cm” (vac) = yr —s cm-' (vac) 
’ <8 Atmo 8 aimom 









































25.45 


2225.84 " 
25.87 


4 27.09 

2227.50 ? 27.45 

§ 27.59 

2231.01 : 9 31.01 

2232.95 2 $3.15 

2235.62 : 5 3 35.62 
2237.76 


2252.50 





+, Frequency obtained from solar spectrum; g, probably due to >; 
h, this line looks like an unresolved doublet; j, obviously consiste 
of several unresolved components; *, intensity variable, due to © 
contaminant. 


TABLE 2. Energy Levels of H,0 (em), 





V_.v.v 
1°2°3 ViVoV5 


000 =| ~=«(olo 000 =| «lo 6] 6 «(Of 


0.00 1594.59 222.04 1817.35 3375.3 
1612.41 224. 83 1821.63 3381.9 
1634. 94 275.48 1875.42 3438.6 
1640.48 300.38 1907.94 3482.0 
315.73 1923.04 3495.85 
1664, 93 382.49 2004.89 3597.80 
1677.07 383. 86 2006.12 3598.8 
1693.62 488.16 2129.60 3746.8 
1742.51 . 488.17 2129.60 3746.8 
1743.64 




















325.36 1920.70 3479.1 
1731.92 5, 326.59 1922.80 3482.5 
1739.63 399.45 2000.80 3565.5 
1772.30 416.12 2024.24 3598.6 
1819.16 504.00 2126.44 3719.2 
1907.60 508.79 2130.52 3722.55 
1907.71 610.12 2251.67 3868.3 
610.34 2251.83 3868.5 
742.10 2406.24 4052.8 











TABLE 2 - Continued. 





‘ ! 
V1Vo"5 


ViVLV 
nas 














000 | 010 


| 


020 





000 


010 





446.71 2041.73 
447.24 2042.73 
542.87 2146.39 
552.92 2161.31 
602.67 2211.23 


648.97 2271.60 
661.54 33h2:86 


756.76 2398.39 
757.70 2399.27 
888.67 2552.95 
888.71 2552.98 
1045.15 2734.24 


586.28 2180.68 
586.43 2181.27 
704.20 2309.89 
709.50 2318.48 
782.41 2392.38 
816.65 2440.06 
842.36 2462.87 
927.76 2569.66 
931.23 2572.11 
1059.68 2724.15 
1059.89 2724.30 
1216.39 2905.43 
1394.85 3110.02 


744.09 2337.61 
744.14 2337.84 
882.97 2490.42 
885.64 2495.25 
983.09 2595.9 
1006.14 2630.28 
1050.20 2670.75 
1122.78 2764.75 
1131.88 2771.67 
1255.19 2919.76 
1255.98 2920.26 
1411.59 3101.28 
1590.70 3306.58 
1789.09 3531.05 


920.20 2512.37 
920.22 2512.50 
1079.16 2688.26 
1080.51 2690.73 
1202.04 2818.40 
1216.37 2841.57 


3600.4 
3602.0 
3713.1 
3736.2 
3784.3 


3864.8 
3873.55 


4015.1 
4015.8 
4197.4 
4197.4 
74411.0 


3738.6 
3739.5 
3879.05 
3894.5 
3967.4 
4038.7 
4053.0 
74187.8 
4190.8 








1283.02 
1341.03 
1360.56 
1475.14 
1477.46 
1631.44 
1631.58 
1810.76 
2009.99 
2225.56 


1114.59 
1114.59 
1293.22 
1293.80 
1438.19 
1446.23 
1538.31 
1581.53 
1616.49 
1719.36 
1724. 80 
1875.24 
1875.72 
2054.55 
2254.55 
2471.59 
2702.09 


1327.25 
1525.02 
1525.31 
1690. 85 
1695.24 
1813.47 
1843.32 
1899.21 
1986.08 
1999, 34 
2143.01 
2144.46 
2322.20 
2322.25 
2522.46 
2740.73 
2973.07 
3216.6 


2904. 82 
2983.43 
2999.45 
3139.65 
3141.55 
3321.0 

3321.10 
3526.77 
3752.58 
3994, 39 


2705.20 
2705.22 
2903.38 
2904.68 
3058.60 
3072.95 
3162.53 
3224. 80 
3253.91 
3383.65 
3387.67 
3565.00 
3565.3 

3770.95 
3997. 80 
4241.0 


2916.09 
3135.9 
3136. 66 
3315.0 
3323. 55 
3441.22 
3487.59 
3532 +75 
3650. 84 
73660. 20 
3832.7 
3833. 86 
4038.62 
4038.70 
4266.05 








TABLES 2 - Continued. 





1V2V3 


000 | 010 000 | 


12.j5 33 1558.07 3144.77 3101.65 
12-10 1774.75 3386.27 3264.2 
1774. 88 3587.87 ‘er 
1960.38 3587. 18 
1962.60 3592.71 42 3465. 4 
2106.7 ; 
2124.84 3771.13 
S558. 08 2358.58 3937.87 
2275.65 3940.56 15 2631.6 
2500.94 5 2872.56 
2434.14 4123.73 2872.9 
2437.84 3081.2 
2613.26 4329.83 3084.2 
2613.49 4330.0 1 3252.0 
2813.94 4557.87 3277.0 
3033.17 2365.0 
3267.2 3446.0 
3512.8 3473.0 
eahee 15 3624.0 


3628.7 
1806.94 15 3824.8 


2042.5 3826.1 
2063.5 4045.8 
2247.0 

<< 16 2953.0 
eestor 16 3211.5 
3534.14 16 3437.7 
2586.5 3439.7 
2629.54 3640.3 
2756.61 
2927.38 2931.5 
2928.45 3291.0 
$128.25 17_13° 3567.5 


4047.1 
2073.81 17 4057.3 
2328.2 
2551.0 3319.4 
2551.5 18 3648.0 
2740.5 18 3940.8 
2745.5 18 4201.8 
2883.5 
2919.5 
2983.6 
3085.0 
































TABLE 3 


Branch (J+r)’ J’'=0 


1284 
1349. 
(1423 
107 
1517 
1472.0 
(1538, 8) 
1429. 97 
1436, 
1591. ¢ 
141%. : 


37 
39 
9) 


(1379. 6) 
1464. 92 
1522. 67 
140.1 
1487.34 

(1569. 4) 
1457. 09 
1458. 24 


1498. 79 
(1557.5) 1538, 8 
14.7 
1505.8 


»D 


t— ts ces Got Got cot 


TABLE 4, 


Branch (J+r)” 


370. 16 
05 


41 
33 
3,1 
3.3 
a1 
33 
a7 
33 
a1 
33 
3,1 
3,3 
a1 
33 
41 
33 
a1 


(668, 9) 
(707. 4) 
S08, 33 
$46. 73 


oO oF ww 
So Let iceiet 


825. 24 
SS1.15 


al 
whee 


Series regularities in the P, 3, 


1051. 
1137. 
1187. 
1174. 


28 (1039, 
4% 1120 
OO 1149, 


1085. 4 

1165. 4 

1244. 18 
1271. 80 
1320. 09 
1473, 44 
1476. 29 
1447. 91 
1481, 33 
1362. 70 
1404. 98 
(1522. 7) 
1368, 60 
1373, 76 
1363. 17 
1363. 17 
1361. 08 
1361. 09 


(1066, 2) 
1151. 59 
1218. 63 
1225. OS 
1260. 38 1198, 2 
1455. 26 (1436.7 
1456. 49 (1436. 

(1436.7) 1423. 

(1457.0) 1435. 
1318. 97, 1268. 

(1394, 5) 1386. 
1489, 23 (1457. 
1340.35 1308. 
1354. 87 (1340, 
1338, 56 1313. 64 
1339.55 1317.04 
1336. 64 1312. 61 
1336. 64 1312.61 
1339. 23, 1314, 82 
1339.23 1314. 82 


1180.75 
1265, 42 
(1313. 64) 
1375. 
1490 
1496. : 
1459, 26 
1s! 
1389. 
(1419. 3) 
1558, 5 
1304. 53 
1395, 81 
1387. 55 
1387, 55 


1135, 


1409. 
1416. 
1212 


7 
40 
5 
1) 
25 


3) 


1269. 
1329 


1290. 
1320. 90 (1296. 


1121. 2 


1417. : 
1417.3 


1379. 63 
1428, 2 


"Es, Ft 


53) (1029. 69) 
1099. 74 
1106. 76 
1066. 20 
1074. 
1397 
1397 

(1394. 

(1397. 
1152. 
1372. 
1408 

(1225 
1323. 3 
1258. 6: 
1280), 


2& 


SeEveR 


1305. 6 


Lines in the R;i, R33, Rs,2, 


472.54 
(616. 4) 
(457. 9) 
542.0 
492. OS 
625, 25 
(580. 7) 
(688, 0) 
(678. 9) 
Ss) 
0) 
re 
97 


(73 

(74 
S13. 
S13. 


4S 
Le 


(690. 3) 


976 


(650. ! 
aM. 66 


(625, ¢ 


7H. 
(641 


SOS. 6 


(721.! 


(S52 


827. 2 


94 
910 


970. 


35 
02 


922.19 
1000. 35 


= 
a, and P5, 


branches of 
10 


1019. 5 
1072. 69 
1060. 14 
1010. 12 
1014. 56 
1378.04 1358. 
1378.04 1358. 
(1378.0) (1361 
1379. 63) (1362. 7 
1091. 24 10380, 
(1363.2) 1352. 
1382. 11 (1362 
1173.76 1117. 
(1319.0) 1316. ; 
1225.5 | (1187. 
(1268.4) 1257 
1239. 25 1213. 
1244.77 1226.1 
1242.90 1219.1 
1242.90 1220. 43 


1007.3 
1039. 53 
1010. 86 
953. 49 
955. 7 


961, 
Su6. 
897. 
(1338, 
(1338. 
1344. 
(970. 


1345, 
1058. 


1141, 
11M. 


1195, 


1248, 52) (1225.08) 1201 


(1257.1) 1233.31 1208, 


(1268. 4) 


4 


(74.1) 


(708. 0) 
941.12 
(672. 5) 
853. 41 
(669. 6) 
M41. 16 
(730. 8) 
878.9 

835. 64 
937. 40 
929. 00 


1042. 57 
1017.9 


Tasie 5. Rotational constants for v, of H,O 


Cc 


Constant 


10~*em~" 


« 


33.7 


1e-*em~" 
2.6 
2.39 | 


Wasuinoton, November 9, 1951. 
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rch of the National Bureau of Standards Vol. 49, No. 2, August 1952 Research Paper 2348 


On Calculating the Zeros of Polynomials by the 
Method of Lucas 


Herbert E. Salzer 


When f(z) is a polynomial of degree n and z,, 1=0, . . m, are any n+ 1 points at which 
f(x,) #0, the zeros of f(x) are known to be sential with the zeros of ! La,/(z—z,), where 
‘a, =f(x,)/Il'(2;—2;). Lueas proposed this principle for use in an electric analogue device 
for finding zeros. The present note evaluates this principle in digital computation for 
both real and complex zeros when the coefficients of f(z) are — exactly (integral or rational) 
so that the zeros of f(z) are identical with the zeros of 2A,/ i), A; integral. The chief 
advantages are (1) the saving of labor in tabulating ated i) instead of f(x) in the neigh- 
borhood of the zero, especially for complex zeros, and (2) somewhat less work in the inverse 


interpolation for the zero. 


Three examples in locating a real root, 


and one example in 


locating a complex root were worked out in support of these findings. 


In three separate notes F. Lucas? describes an 
tric analogue device for calculating the roots of 
sations also mentioned by J. S. Frame).’ Al- 
ough the prineiple is familiar, as far as the writer 
ows it has not been investigated from the stand- 
int of digital computation. The present note is 
wnded to call attention to its advantages in finding 
» roots of polynomial equations with exact coef- 
jents when one has a first approximation as a 
arting point. 
If fir) denotes a polynomial of degree n, and 7;, 
0.1, _,n, denotes any n+l points where 
y #0, from 
Il’(2x—sz,) 


(x,) 
We.—2)" 


f{(x)=>5 


f(a 
, 
(2,;—2,)(rx—2y) 


M(r—z,))>> 1’ 


e follows the well-known result (which is the 
wsis of Lucas’s method) that the zeros of f(z) are 
entical with the zeros of 


f(xy) 


_ a - 
Il’ (x ~— 2) 


p —» where a,= 


TZ, 


In problems where the coefficients of f(z) are 
tional, the choice of z,=7 is very convenient. By 
ultiplying through, one obtains the equation in the 
m DA, (e—i)=0, A, integral, which saves a con- 
derable number of multiplication operations, espe- 
lly when getting all or even several of the zeros of 
le same f(x ). 

By choosing x;=29+-th, for any 2» and h for which 
4 #0, Lucas’s principle can be formulated also as 
OWS: 

The zeros of f(z), a polynomial of the nth degree, 
re identical with the zeros of A"{ f(/(¢—t)}, m 


Here and ¢ obs »where the summation is over the range 0 to n; similarly II indi- 

tes & product over the same range, and Il’ indicates such a product with the 
hing factor omitted, 

= Compt. rend. Acad. Sci. Paris 106, 645-48 and 1072-74 (1888); 111, 


DT (1800 


|S. Frame, MTAC 1, 337-53 (especially 347-50) (1945). 








any integer >n, where the f(t)/(z—?) is tabulated for 
any m-+-1 equally spaced values of t. 

Of course, in obtaining A™{ f(t)/(c—t)}, t is the 
variable, with z as the parameter, and the resulting 
expression is then regarded as a function of x. (The 
proof is left for the reader.) 

This principle of Lucas, namely, calculating the 
zeros of f(z) by tabulating La,/(r—z,) or ZA;/(r¢—2),, 
instead of f(x) itself, in the neighborhood of a zero, 
was tried out in several different examples where the 
zeros had already been obtained from the tabulation 
of f(x) itself. In all examples, the use of Lucas’s 
method showed a very great saving of computational 
labor. The two main advantages were (1) much less 
work in calculating A;/(7—z,) instead of the separate 
terms of f(z), especially those of high degree,‘ and 
(2) somewhat less work in the inverse interpolation 
from the tabulated 2A, /(7—z,) instead of the tabulated 


f(z) near the zero, which was apparent from the 


tendency of 4"/A to be less in the former case.° 
In connection with (1), in adding the separate 
terms of YA,/(e—z,) considerably more significant 
figures were lost than in the summation of the 
separate terms of f(z); but that disadvantage is slight 
because of the ease in getting any number of places 
in A,/(z—z,) by performing continued division on an 
ordinary 10-bank desk calculator (the s—-z, is almost 
certainly an exact number having fewer than 10 
significant figures), and the total work in tabulating 
the 2A,/(r—z,) is still mue h less than that in tabulating 
the f(z). But if the z,’s are not exact, or the coeffi- 
cients in f(z) are approximate, this principle of Lucas 
is severely limited in applicability, even to the point 
of not yielding a single significant figure. Thus, if in 
the example below, one were to introduce a relative 
error of 10-” in those exact coefficients of f(.Y), it is 
apparent that the h(.X) could not be obtained to even 
one significant figure. However, the choices of 
2,=t or x,=i—[n/2] seem most suitable for many 
problems. For example, in the case of the classic al 
‘There is the very well-known computational scheme for Get=+Oe-it~ “4 
@q-22"-3+ . +a:2+a9 in the form t,=@,7+45-1, Un-1=UnT+On-2, . . . 
until (2) =u)= “ar+ae, which avoids the calculation of powers of 7, but whieh 
may convenient for checking and the retention of significant figures. 


5 The rate of convergence of most inverse interpolation series depends upon the 
rapidity with which the A~/d fall off. 





orthogonal polynomials where the coefficients are 
given exactly (for example, Hermite, Laguerre, 
Chebyshev, Legendre, ete.) the Ay/(z—z,) can be easily 
had to any required number of places. 

As an illustration, consider the calculation of the 
zero of the polynomial 

IN) = X*— 156.X°+ 8580.X *— 205920.X° 

+ 2162160.Y?—8648640_.Y + 8648640, 
which is near 67.28. Here {(X) was chosen to be 
H3(x)/(2r), where X=42? and //,,(z) is the Hermite 
polynomial of order 13. Choosing .Y;=7, one has 


86 48640 /(4)——24 89408 
F(5) 


F(6) 


40) 
F(A) 
I 
(3) 


19 64665 —13 89935 


2)=—15 15008 69120 





—27 39879 


XN =67. 2838 X=67. 2839 


2S8288, 1 4254. 65603 07916 61588 7 


— 392083, (NX — 5928. 03973 21819 20771 0 


— 757M) (X—% — 11603. 24613 45603 72493 6 


1828586/( Y¥—3) 25414. 40611 78710 65404 0 


— 1244704; ( ¥—4) — 19668. 60397 13165 13862 9 


277087 /( X—5) 4463. 23120 99005 4940 5 


2304/( X¥—6) 37. 50557 QGOS5 56554 3 


A(X) — (0). 00000 00969 68520 0 


That only three values of A(X) at intervals of 0.0001 
are required in order to find the zero X to the max- 
imum attainable accuracy, follows from these 
differences: 


A(x 4 a? 


0. (6)09606 8.5200 +0. (6) 12074 OS8086 +0. (12)1174 


+. (6)02377 22886 . (6) 12074 09260 (12)1172 
| 
. (6)12074 10432 


aw (6) 14451 32146 


mal (6) 26525 42578 


| 
| 
| 67 
| or 


When these differences were compared with the 
corresponding differences in /(X), it was noted 
that A*/A for h(.X) was only (1/25) of A*/A for f(X), 
from which one can infer that the inverse interpo- 
lation is better for the function A(X). The zero 
X=67.2839+0.0001p was found from the three- 
point formula® p=r—r’s, where 


r = —2h(67.2839)/ { h(67.2840) —h(67.2838) } 
s =A*/{ (67.2840) —A(67.2838) }. 

Thus 
h (67.2840) —h(67.2838) =0.(6)24148 17346, 


*H. E. Salzer, Bul. Am. Math. Soc. 50, No. 8, 513-16 (1944). 





4284. 65056 27646 43547 7 

— 5928. 03078 87737 44453 8 

— 11603. 22836 10507 33795 0 

28414. 36191 64363 08313 6 

— 19668, 57289 13673 14593 4 

4463. 22404 34526 41854 5 
37. 50551 85619 T4150 | 


+0. 00000 00237 72288 6 


The numbers II’(X;—X,) have no mor 
digits. After obtaining the a, in their Jo: 
one sees that the zeros of f(.Y) are identi, 
zeros of 
12012 392933 94688 
X 24(X—1) 3(X—2)7 
155568 277987 96 
3(X—4) ' 24(X—5) ' X¥—6' 
which, in turn, are identical with the zeros of 
288288 392933 57504 
- X—1 X—2 
1826586 1244704 | 277987 | 22, 
x-—3 


han th 
St ten 
With ¢ 


X)= 30443) 
g(X) 1X3 


oo 


249(X)=h(X)= 


+ 


X—4 -5 ‘X-; 


An approximate value of the zero is Y¥=67.2838 , 
h(.X) was calculated for X¥=67.2838 (0.0001 67.24 
The separate terms of A(.Y) are given here to shovy ; 
loss in significant figures upon summation: 

—= In a 
mat th 
as a} 
ors 
port 


X=67. 2340 X=67. 2841 


4254. 64419 47565 54307 1 4294. 63782 67673 93782 5 
— 5928. 02184 53925 53255 7 — 5928. 01290 20383 47054 6 
— 11603. 21058 75865 44942 1 — 11603. 19281 41768 05684 7 
28414. 31771 51390 70875 2 28414. 27351 39793 51087 0 
— 19668. 4181 15163 39043 0 — 19668. 51073 17635 86746 1 
4463. 21687 75287 39823 1 4463. 20971 16278 47235 5 
37. 50515 72155 86450 0 37. 50539 58604 01688 2 
+0). 00000 01445 13214 6 +0. 00000 02652 54257 » 
r = —0.(7)47544 5772/0.(6)24148 17346 
= —0.19688 6846, 

8 =0.(12)1174/0.(6)24148 =0.(6)486, 
r?=0.03876, r’s=0.(7)1884, 


p = —0.19688 6865; X=67.28388 03113 135 


which happens to be correct to 13 decimals. 

This method was tested upon the calculation 
two different roots of the same tenth-degree polyw 
mial in X (the example was to find both the small 
and largest zero of Hy »(r)), the result being that | 
relative saving of labor was even greater than th 
for H,;(z). In fact, as the degree of the polynom 
increases, the proportion of work saved also increas 

Finally, this method was applied to the comput 
tion of a complex root of a tenth-degree polynomi 
from a rough first approximation. There th 
relative saving of labor was even greater than th 
for the examples involving real roots, due in pa 
ticular to the avoidance of the calculation of hi 
powers of complex numbers. Even when 
computation is for complex roots, the choice 
4;=1 or z;=i—[n/2] is still suitable, so that if t! 
coefficients of f(z) are real, the calculation involv 
the sum of fractions with only real numerators. 


Wasainoton, July 24, 1951. 
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Effect of Moisture on Compressibility of 
Natural High Polymers 


C. E. Weir 


Studies are reported of the effect of sorbed moisture on compressibilities of leather, 


cellulose, wool, and silk fibroin. 


The general behavior of all materials is similar. 


For 


low moisture contents, compressibility is essentially independent of moisture content. 


For high moisture contents, compressibility increases markedly. 


It is suggested that these 


data are consistent with the concept that moisture exists in hydrogen bonded form at low 


and as liquid water at high moisture contents. 

2000) 
1.24 10-5 (P 
2000)", where P is expressed in atmospheres. 


1.37x10-5 (P 


for dry wool, AV/V, 
AV Vo 


(P—2000)'; for dry silk fibroin 
+2.68*10-" (P 


1. Introduction 


In a previous investigation [21] it was observed 

hat the compressibility of leather at high pressures 
ys apparently independent of small amounts of 
oisture contained in the leather. The present 
vort deseribes the results of studies of the effect 
‘moisture content on the compressibilities of lea- 
er and other similar hygroscopic fibrous materials 
cr a wide range of moisture contents. These 
sta confirm the previous qualitative observation 
od show that for low-moisture contents the com- 
wssibility is essentially independent of moisture 
mtent. For high-moisture contents the com- 
bressibility rises markedly. 


2. Experimental Method 


The apparatus and techniques used in conducting 
hese experiments have been described in detail 

Briefly, the sample is immersed in a light 
troleum distillate contained in the bore of the 
bressure vessel and a leak-proof piston is forced 
iiothe bore. The position of the piston is measured 
very 1,000 atm., the pressure being generated by 
mpression of the distillate. Pressure is deter- 
ined by means of a manganin pressure gage 
junted inside the vessel and immersed in the 
stillate. Direet comparison of the piston dis- 
lacements in this experiment with those obtained 
a similar experiment, in which the specimen is 
eplaced by a steel bar having a volume approxi- 
ately equal to that of the specimen, permits 
alculation of the compression of the specimen in 
rms of that of steel [3]. 


3. Preparation of Specimens 


Measurements were made on commercial chrome 
r, untanned hide, wool, cellulose, and 
Leather samples consisted of a cylin- 
rical stack of disks } in. in diameter and 4 in. in 
ength. Each sample contained at least 25 individual 


| greased 





Empirical compression equations are: 
6.79 10-"° (P—2000)?+ 1.55 « 10-" 
2000) — 7.00 « 10-"° (P— 2000)? 


leather disks held together by means of a fine wire 
threaded through each disk. Wool, cellulose, and 
silk fibroin were compressed into disks } in. in diam- 
eter and strung together in a similar manner to form 
a cylinder approximately 4 in. in length. These 


| disks were formed in a cylindrical mold, using a 
| maximum pressure of approximately 50,000 psi. 


Commercial chrome upper leather was degreased 


| exhaustively with chloroform and washed with water 


prior to test. Unhaired, untanned calfskin was de- 
with acetone, diethyl ether, and ethyl 
alcohol after a thorough washing in water. 

Wool specimens were made from a native wool 


_ designated as “Domestic Fine Top, WC-4”, which 


was supplied by the Textile Research Institute. This 


| sample originated at the Sheep Experiment Station 


of the United States Department of Agriculture at 
Dubois, Idaho. Dichlorobenzene had been used as 
a moth repellent in the container in which the sam- 
ple was shipped and the sample was therefore ex- 
tracted with diethyl ether and ethyl alcohol prior to 


; use. 


Cellulose was of cotton origin and was designated 
as “Lockette 140” of 93 percent maturity. This 
sample was supplied by the Southern Regional Re- 
search Labaratory of the United States Department 
of Agriculture. 

Silk specimens were obtained from raw silk of 
uncertain origin. The specimens were degummed by 
the usual process and washed thoroughly with water 
prior to test. 

Initial measurements were made on specimens 
dried by exhaustive evacuation at room temperature 
for not less than 24 hr. After ascertaining the dry 
weight, the test specimen was impregnated with the 
distillate in vacuo and the compressibility measured. 
Impregnation was conducted under a pressure of ap- 
proximately 100 mm.of mercury. The volume of 
the test specimen was determined following compres- 
sion measurements by weighing the specimen in the 
distillate. 

Following the initial measurement, the distillate 
was removed in vacuo at room temperature, the dry 
specimen was permitted to adsorb the desired quan- 
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tity of moisture (determined by weight) by exposure 
to moist vapor and the above procedure was repeated. 
It is to be noted that all measurements on a given 
material were conducted on the same specimen. 
All measurements were carried out in a tempera- 
ture controlled room in which the temperature was 
20.5° +0.5° C. 

The following observations on the experimental 
procedure are to be noted: 

1. Evacuation for*24 hr does not remove all traces 
of moisture from such hygroscopic materials. How- 
ever, the amount of moisture retained is small and 
for the purposes of these experiments is considered 
to have negligible effect on any conclusions to be 
drawn from the data. The specimens are therefore 
referred to as “‘dry”’ 

2. Density measurements were made following 
compression to insure penetration of the voids by a 
light petroleum distillate. There is no indication 
from these or other measurements |22] of an irre- 
versible increase in real density caused by the high 
hydrostatic pressure. The agreement between real 
densities determined here and those determined by 
other methods confirms this conclusion. The repro- 
ducibility of the compression data and the rapidity 
of attainment of pressure equilibrium are taken as 
indicative of purely elastic effects in time scales of the 
order involved in these experiments. 


3. Reevacuation of distillate-impregnated speci- | 


mens did not remove all of the distillate, an approx- 


imately constant amount of 200 mg of }) sum) 
trapped material being retained. Moistur conju, 
were therefore referred to the weight of | he jpj. 
dry specimen before exposure to the distillate, 5 
this reason moisture contents are subjeci to 
uncertainty and are reported only to the nog» 
percent. 

4. Exposure to moisture containing air was gy, 
ally carried out for 24 hr. Complete distrihy; 
equilibrium is unlikely in such a period, but these «4 
are not likely to be sensitive to a nonequilibr) 
distribution [23]. } 


4. Results and Discussion 


The results of compression measurements | 
various moisture contents are given in table | and , 
shown graphically in figure 1 for chrome leather 
cellulose. Compression values,—AV/V,5, are oe 
puted on the basis of the original (1 atm) volume of; 
sample but are reckoned from the experimental re 
ence pressure of 2,000 atm. Compressions at | \ 
atm, therefore, appear as negative values that , 
subject to somewhat larger experimental errors thy 
the other values. These errors, as well as the y 
certainty introduced by the assumed compress; 
occurring between 1 and 2,000 atm, have been eq 
sidered previously [21, 22). 


TaBLe 1. Compression of natural fibrous polymers containing various amounts of moisture 


Chrome leather 


Untanned hide 


Dry 6 percent H,)O 13 percent H,O 2vercent H,O 38 percent H,O Dry 5 percent HyO 17 percent HyO 30 percent HyO 37 percent 1.0 


Pressure 


-avit avVvil -4 0 —AV/Ve 


0. 0666 0. 0717 0 
oan O64 . 
0533 . 0579 
O460 76 0500 ‘ 

. 0390 ‘ . 0429 . 


0307 . 0337 
0210 0230 ‘ 
onl . 0121 
0000 0000 
—. 0126 —. 0139 - 


Cellulose 


Dry Spereent H,O 9% percent H,O 
Vo=7.230em! Vo =7.639 em! Vo=8.043 em! Voe= 
p=1.538¢/em’  p=1.4¢/em! e=1.509¢/em! p=l 
—AV/Ve 


0. 0536 
OAM 

. 0426 
O385 

. 0907 


. 0236 
0164 
. 0092 
. 0000 
—. 0088 


* p calculated as described on page 137. 





—AV)/ Ve —AV/Ve —Al 


Vo=7.367em! Vo=7.988em! Vo=8.542em! | Vo=9.334em! Ve=10.882em? Vo=7.125cm? Ve=7.648 em! | Vo=8.469em! | Vo=9.613em! | Vyp= 10.382 
p=140lg/em! p=1 44g'em' p=1380¢/cem? p=136g'cem'’) p=13lig/em’ p=13Wg/em' p=1 3hMg/em'’ p=13ligicem'® p=1 BWig'em’ p=! Me 
"Ve —AV) Vi VV Vi -AV/V Vive vv —AV/ Vo AV/Ve } 


-Aal} 


—AV/Ve 


0 -A 


O784 0. 0672 0. O785 0. 07% 
0721 . 0615 . . . 0719 O716 


. O43 . 04 . 0641 OFS 


0555 . 0473 . 0578 ONS 
0465 . 0406 : . . 477 O46 


0372 . 0319 ‘ : . 0885 (3A 
0260 . 0218 ° . 0275 (7258 
ol41 0114 . . 0157 OM 
0000 . 0000 . 0000 000 
0174 —. 0122 —. 0120 —. 0151 

= — = » preset 

Wool Raw silk ONSK 

- —_—_—_— ipress 


Dry 10 percent H,O Dry 6 percent H,O — Ll percent fy) terial: 
5.281cem! Vo=5.862em! Vo=9.417 em! Vo=9.838 cm? | Vo=10.4i8e0 

316 2¢/em! p*=1.31l6e/em! p= 1.351 ¢/em? p= 1.357 g/em?* p= 1 Me cr re pel 
1Vo —AaV/Vo —AaViVo avi! tained 


aes Wee eae : rit 


0.0733 ssiOn 
- 0680 . . ; eases 
0604 
. 0529 
. 0442 
. 0350 
. 0245 
0136 
“0000 

—. 0143 


rh-mo 
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fect of moisture on compression of chrome leather 
and cellulose. 


. 6 percent of moisture, ©, 20 percent of moisture, 
Cellulose: @, dry and 5 percent of moisture, (), 9 per- 


dry, 
isture 


{oisture contents, measured densities, and initial 
umes appear at the head of corresponding columns 
ompression values in table 1. All densities were 
ained from weight and volume measurements 
pt that for wool containing moisture. A single 
sured density of dry wool was assumed to apply 
to wool containing 10 percent moisture. Meas- 
ments by King [14] show that the error arising 
» this assumption in this moisture range is rather 
The necessity for this assumption as well as 
ack of data on wool at higher moisture contents 
bs because wool specimens proved difficult to 
vlle. Compressed disks of wool exhibited great 
lieney, and the samples were generally ruptured 
extraction from the pressure vessel, 
lensity values of table 1 agree well with previously 
blished data on these materials [5, 7, 9, 10, 14, 17, 
However, the density maximum for chrome 
ther, as shown by these data, lies below 13 percent 
sture as compared to the data of Pomeroy and 
tton [17], in which the maximum is found at 
roximately 15 percent. The variation of density 
) moisture content is also somewhat less than 
t reported by these authors. A corresponding 
vimum density for untanned hide is shown by 
‘present data to lie below 17 percent of moisture. 
onsideration of the effect of moisture content on 
pression shows that the general behavior of these 
rials is quite similar. Most thorough studies 
r performed on leather, but sufficient data were 
tained on other materials, except wool, to show the 
wlarities in behavior. It is observed that the com- 
ssion changes relatively little at low moisture but 
eases markedly at high moisture contents. Inas- 
ch as the experimental errors involved in these 
periments are known to produce variations of a 
‘digits in the third significant figure, differences 
ied in compression at low-moisture contents are 
st probably real. These variations, however, are 
her small compared to the change that occurs at 
h-moisture contents. Therefore, at a given pres- 
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Ficurer 2. isobaric compression of 


sure the compression may be considered to be essen- 
tially constant at low-moisture contents. The im- 
plications of the relative constancy in compression 
at low-moisture contents at a given pressure appear 
to be rather complex. As the moisture content 
increases the value of V, invariably increases as 
shown in the table. However, the change in vol- 
ume, AV, at a given pressure appears to be just 
sufficient to keep the ratio constant. This result is 
true in the data on collagen and cellulose, two mate- 
rials which are dissimilar chemically and which 
exhibit considerably different compressibilities. ‘This 
finding shows that the added moisture on compression 
behaves in a manner to make it indistinguishable 
from an equivalent volume of the dry adsorbent. 
Since compressibility is dependent on the magnitude 
of the internal molecular forces, this near equality 
between compression of specimen and adsorbed 
moisture imples a corresponding similarity in these 


| forces. 





The variation of compression with moisture con- 
tent is shown for chrome Jeather at several pressures 
in figure 2. 

From these data it may be concluded that adsorbed 
moisture in low ranges of moisture content does not 
behave like liquid water. Although it is possible to 
calculate an effective pressure on liquid water that 
will produce the observed volume of moisture plus 
adsorbent at 1 atm, it is difficult to explain the 
agreement between the compressibilities of this water 
and the fibers over the whole pressure range, the 
variation of compressibilities with pressure being 
different for water and these fibrous polymers [1, 4, 
22). The observation that the compressibilities of 
moist and dry fibers essentially coincide at all pres- 
sures in the low-moisture range seems to offer a 
strong argument against the hypothesis that the 
adsorbed moisture be considered as water under high 
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Tarxe 2. Calculated compressions of moist chrome leather 


6 percent of H,O 13 percent of H,O 38 percent of H)O 
Total Cale. Leather 
calc. minus 


—AV/Ve obs. 


Leather Water 
V) =0.862 V2 =0.138 
(—AV/Va)Vi (—AV/Va) V4 


Water Total Cale. 
> =0.0779 calc minus 
—~AV/Ve obs. 


Water Tota 
=(.477 V2 =0.3233 cal 


Leather 
‘i 
(—AV/Ve)t) (—aV/Ve)1y) —al 


| Pressure V) =0.9221 
(—AV/Va)Vi (—3V/Ve)V2 
| 


atm 
10, 000 
9, 000 
8, 000 
7,000 
6, 000 


0.0434 
0105 
0362 
0315 
026s 
0215 0420 


O14s8 ‘ 0295 
0082 0162 


0.0719 0. 0054 
676 0062 
007 . 0059 
0528 0052 
0150 0054 


0. 0166 
. 0161 
0146 

O128 
0109 


0. 0685 
.0-M2 
. 0576 
.0w1 
. 0427 


0. 0019 
0040 
0018 
oot 
0037 


0. 0591 
. 0551 
Om 

On» 
0365 

5,000 . 0292 : 0341 

4,000 OMI 0237 

3, 000 oll 0130 

2, 000 0000 0000 


0019 
oo29 

. 0024 
0000 

~. 0097 


0088 
0061 
. 0034 
. 0000 
0048 


0361 
0251 
0138 
0000 
—. 0221 


0037 
0028 
00 | 
0000 

—. 0004 


0000 . 0000 
—. O11 —. 0240 


| 1,000 | —.0190 ~. 0214 


pressure [7, 9, 10, 19]. Typical results obtained by 
considering moist fibers as a binary mixture of water 
and adsorbent are shown for chrome leather in 
table 2 for three moisture contents. 

The calculated compression contributions of leather 
and water are based on the respective experimentally 
measured volume fractions of the two components 
assuming no compression of the leather. The 
experimental volume fractions are shown at the 
heads of the corresponding columns. The differences 
between calculated and measured compressions 
(taken from table 1) increase much less in the high 
moisture range than in the low range. This implies 


that — water is present at high moisture contents 


as has been suggested [10, 16]. 

The concept that compressed water is present in 
these moist fibers would appear to require modifi- 
cation in the light of these data. Three alternatives 
appear possibie, namely, both adsorbed moisture and 
adsorbent exist under an effectively high pressure; 
the adsorbed moisture penetrates into moleeular- 
sized holes which are inaccessible to other liquids 
{9, 10]; and the adsorbed moisture enters into chemi- 
cal or psuedochemical combination with the adsor- 
bent. 

The concept of effectively high pressures com- 
pressing the water has been based on the assumption 
that the adsorbent, being a solid, is affected by this 
pressure to a negligible degree. For such fibrous 
materials, and the high polymers which have been 
studied, the assumption is incorrect, the compressi- 
bilities of the two components being of the same 
general order of magnitude. It is doubtful if such 
an assumption is valid even in the case of a relatively 
incompressible solid since the short-range anisotropic 
nature of the forces might produce large locai dis- 
tortions. However, the consideration of the com- 
pressions of both components will not remove the 
difficulty of equal dependence of the compressi- 
bilities on pressure. 

The concept of penetration of moisture into holes 
accounts for the increased density observed on ad- 
sorption of a liquid which, in bulk, is less dense than 
the adsorbent. The problem of pressure dependence 
of compressibility is not explained and data of 





Pomeroy and Mitton [17] obtained on leather do, 
exhibit the dependence of density on molecular ¢ 
of the liquid to be expected from such concepts 
It is suggested, therefore, as a result of this y 
previous work [23] that the adsorbed moistyy, 
the range of low moisture contents is bown 
secondary valence forces. In view of the wi 
accepted ideas of the hydrogen bonded structyy 
the materials studied here, it is believed that ; 
moisture exists largely in the hydrogen bonded {y 
between the polymer chains and produces sp 
changes in the original structure of the dry mater 
The small increase, produced by this moistur 
the enormous number of similar bonds existing 
the dry material might be expected to cause | 
negligible effect on compression that is observ 
The similarity of the new bonds with those alreaf 
existing implies a similar pressure dependenc 
compressibility. The findings of Katz [13] that | 
X-ray pattern of cellulose is unchanged by moist) 
may be indicative as suggested [12], that the efle 
of the moisture are largely confined to a limit 
number of chains near the surface of the micelid 
It is noted that the major increase in compress 
occurs in the moisture content range in which | 
slopes of differential heat of adsorption curves : 
changing most rapidly [2, 8, 11, 20]. This moist 
content also corresponds to that range in which t 
electrical properties of leather begin to char 
rapidly [23]. Similar electrical effects have | 
noted in cellulose and wool (6, 15]. The correla 
of these effects substantiates the suggestion ‘Wi 
liquid water exists at high moisture contents. 
The absolute values of compressions of leather « 
cellulose reported here agree well with values 
ported earlier [21, 22]. As far as can be ascertain 
compressibility data for wool and silk fibroin 
being reported for the first time. In view of | 
similarities of the structures of these materials # 
leather [16], the compressions are of the order 
magnitude expected, but it is surprising to note 
close agreement in data obtained for these mater 
It would appear that the presence of ring struct 
such as eels and hydroxyproline in collagen, an’ 
disulfide cross linkages in wool, produces a rit! 





n in the nature of the intrachain forces. | 
ssion of dry wool and silk may be repre- 
: following empirical equations, which | 
the data by the method of least squares: 


‘he con 
ted by 


1.37 X 1075(P-2000) —6.79 * 107" 


100)? +- 1.55 & 10~-"(P-2000)* 


24 1075(P-2000) —7.00 «107 
»)00)24-2.68 * 107" (P-2000)*. 
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